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Post-implant annealing of InP and GalnAs is usually accomplished using 
thermal cycles of 10-30 minutes duration; this thesis reports the results 
of a systematic study of an alternative technique, 'rapid thermal 
annealing' (RTA), in which the implanted material is held at elevated 
temperatures for less than 180 seconds. Results were obtained using
Hall-effect measurements, Rutherford backscattering (RBS), secondary ion 
mass spectrometry (SIMS), and photoluminescence (PL), amongst other 
methods.
Iron-doped InP, implanted with magnesium, zinc or mercury was subjected 
to RTA and five different methods of protecting the InP surface were 
compared: the use of an indium-tin pseudobinary leads to tin
incorporation and n-type surface layer formation above 700 °C; 
encapsulating layers of phosphosilicate glass, Si02, SI3EL or a novel 
'dual' layer of SiaEL/AlR may lead to p-type, semi-insulating or n-type 
behaviour. This is shown to be due to the indiffusion of silicon from 
these encapsulants into the implanted substrate; this indlffusion is 
enhanced by implantation damage. RTA in a phosphine ambient gives the 
best surface protection at elevated temperatures, but leads to substantial 
outdiffusion and loss of the implanted dopant. Electrically active p-type 
layers were successfully obtained from both zinc and mercury implants. 
GalnAs was implanted with beryllium, magnesium, zinc and mercury and 
electrically active p-type layers obtained following magnesium 
implantation; electrical results were, however, dominated by the quality 
of the starting material and not reproducible. 'Proximity' annealing 
under a GaAsP or GaAs cover piece gave adequate surface protection for 
GalnAs at annealing temperatures up to 800*C.
The presence of an amorphous layer in InP and GalnAs is shown to be 
detrimental and the maximum amorphous thickness which can be fully 
regrown is found to be about 250 nm at 750 *C. It is suggested that solid 
phase epitaxy of thicker amorphous layers is inhibited by the local 
nucleation of microcrystallites within the remaining amorphous material 
and a model describing the regrowth of III-V compounds is presented. 
Substantial redistribution of the implanted dopant occurs during RTA of 
InP and GalnAs, the shape of dopant profiles is modified by both the 
residual damage present within the material and the form of surface 
protection employed. Several models of acceptor diffusion in iron-doped 
InP are compared and discussed.
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CHAPTER. 1
IBIRQBUCTIQfl AfiB..LIXERAI.QRELRESJE&
For the device engineer, 'III-V' compound semiconductors such as indium 
phosphide (InP) and gallium indium arsenide (GalnAs) based upon the 
quaternary system Ga*Ini-xAsyPi-y offer several advantages over silicon. 
Amongst these are:
i) they possess 'direct gap' band structures, the band gap of which may 
be varied by changing the alloy composition. This allows the 
emission and detection of light in the 1200-1600 nm wavelength 
region, which corresponds to a 'window' of reduced lass and 
dispersion available in current optical fibre systems;
ii) the band structure of InP and GalnAs supports Gunn oscillations, 
making these materials suitable for the fabrication of microwave 
devices;
iii) the electron mobility and peak electron drift velocity of these 
compounds are significantly higher than those of silicon, thus they 
offer the prospect of increased speed of device operation without 
the need for extremely small device dimensions.
The aim of the present work has been to investigate the technological 
problems associated with the use of ion implantation and rapid thermal 
annealing to fabricate p-type layers in InP and GalnAs, Such layers are 
a starting point for the fabrication of- more complex device structures 
such as PIEf photodetectors and junction field effect transistors (JFET's), 
which are required by the fibre optic communications industry in order to 
detect and amplify transmitted laser pulses.
The first generation of optical transmission systems operated at 
wavelengths in the region 850-900 nm. For these systems, semiconductor
l.l Introduction
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lasers made from GaAs provided the optical source and the detectors were 
usually silicon avalanche photodiodes (APD's). In the late 1970's it 
became clear that there would be advantages in using optical systems 
operating within the 1200-1600 nm wavelength region. GalnAsP lasers 
emitting in this spectral region were successfully developed using the 
liquid phase epitaxy (LPE) growth technique and the compound 
Gao.-t7Ino.B3As* , grown 'lattice matched' on InP was Identified as the most 
suitable detector material. Working GalnAs PIN detectors were soon 
demonstrated by several research groups Cl.1-1.3 3. These detection 
systems consisted of a GalnAs/InP PIU detector linked to a law noise GaAs 
JFET preamplifier, forming a hybrid 'PIN-FET* photoreceiver. A logical 
extension of this work was to fabricate a truly 'integrated' PM-FET 
receiver within the same GalnAs epilayer by using a single p-doping step 
to farm the p-type region for both the JFET gate and the PIN diode. This 
has now been successfully demonstrated using all three of the doping 
techniques available; doping during material growth Cl.43; doping by 
diffusion through a mask Cl.53; and by implantation of beryllium Cl.63.
The use of implantation offers several advantages over the other two 
doping methods (chapter 2), but the application of implantation 
technology to III-V compounds is complicated by many problems not 
encountered in the processing of elemental targets such as silicon. For 
example, because the masses of the target atoms are different, they suffer 
unequal recoil during implantation. This can lead to the formation of 
local imbalances in stoichiometry and variations in the distribution of 
the number of vacancy sites for each species.
"Footnote ; Throughout the rest of this text, the abbreviation GalnAs may 
be taken to represent the compound Gao.4 7Ino.s3As grown 'lattice 
matched' on InP, unless otherwise stated.
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These effects are in addition to the general 'crystalline damage* that 
implantation introduces owing to the physics of the process (chapter 2 ). 
Lattice disorder of this type can strongly influence the crystalline 
regrowth and redistribution behaviour of the implanted species during the 
post-implant annealing cycle which is necessary to remove implantation 
damage and allow the implanted dopant to occupy a substitutional lattice 
site.
Another major technological problem is that of preventing thermal damage 
to the implanted surface during this annealing cycle. III-V compounds 
tend to suffer surface decomposition and loss of the volatile group V 
component at temperatures well below those required for successful 
electrical activation. In general, the many techniques that have been 
employed in order to prevent this fall into two categories; either an 
enhanced overpressure of the group V component is provided within the 
annealing system, or the material is coated with an encapsulating film 
designed to prevent outdiffusion of the host atoms (chapter 3). Quite 
distinct from the problems of implantation and device fabrication, post­
implantation heat treatment of these materials has therefore become a 
specialist technology in its own right. Many of the above paints are 
covered within several excellent reviews of implantation and post-implant 
processing in III-V compound semiconductors tl,7-1.113.
1.2 Acc.ept.Qr. Implantation into In?
Ion implantation into InP was first reported in 1977 [1.123, This and 
subsequent investigations Cl.13-1.203 have shown that acceptor activity 
may be obtained following furnace annealing of beryllium, magnesium, zinc, 
cadmium and mercury implants (Table 1.1).
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Implant Condition Anneal Condition
Ion (Energy/dose/temp. ) (temp, /time) (cxr2) (cm2. Y. s) Ref.
(kev/cnr2/ *C> (*C/minutes)
Be+ 50/10’VET 700V15 2. 9xl0’3 83 1 . 1 2
400/1. 8xl0’4/RT 750 V 15 2 . 2xl014 66 1. 13
200/1.2xl014/150 * 750V15 1 . 8xl0>4 87 1. 13
400/10’VRT 750'/15 6 . OxlO13 102 1. 14
400/ 10'4/200 ° 750V15 4. 0xl0’3 102 1. 14
300/ 10’VRT 700 °/30 6 . OxlO’3 108 1. 15
100/ 10,S/RT 750V10 10’ 4 85 1 . 16
150/10'VRT 725'/15 4. 4xl0’3 92 1 . 12
150/10,4/200° 725'/15 1. 5xl0’3 95 1 , 12
150/ 10’VRT 750V15 2. OxlO’3 80 1. 14
150/ 10’S/1Q0 ° 750°/15 8 . OxlO’3 80 1. 14
160/ 10,S/RT 750'/10 3. OxlO’3 100 1 . 16
2000/2xl0’4/RT 800V10 10’4 80 1. 17
100/5xl0,4/RT 800*/I 6 . IxlO’3 59 1 . 18
180/2xl0’4/RT 800“/5 2, 5xl0’ 3 y 1. 19
Zn+ 300/ 10,B/RT 750'/10 5. OxlO’3 90 1 . 16
100/2xl014/RT 750V15 8 . 2xl0 ’3 117 1 . 18
Cd+ 400/ 10’4/RT 750'/15 1. 5xl0’3 90 1. 14
400/10’4/200° 750'/15 4. OxlO’ 3 90 1. 14
Hg+ 700/10’3/RT 750'/i5 4.5xl0’2 22 1.2 0
TABLE 1.1 : A summary of reported p-type activity for furnace
annealed acceptor implants in InP. The results giving 
the highest sheet carrier concentration (Ne) were taken 
from each paper.
Despite the apparent success of this work, several of these authors note 
that there appears to be an upper limit of about 2 x l Q ’ 8 cm-3 p-type 
carriers obtainable and observe several undesirable effects after 
annealing, such as substantial redistribution and outdiffusion of the 
implanted species (chapters 3 & 5). Beryllium implants made at elevated 
temperatures showed more redistribution than those made at room 
temperature, leading to lower electrical activity in these samples 
compared to room temperature implants of the same ion Cl.13, 1.14, 1.15]. 
Significant redistribution also occurred during annealing of magnesium,
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zinc and cadmium implants, but for these ions, samples implanted ‘hot’ 
generally exhibited improved electrical behaviour Cl,14, 1.16, 1.18, 1.193. 
An exception to this were low dose magnesium implants (CIO14 ions.cm-2), 
for which the highest electrical activity was observed following room 
temperature implantation Cl, 12, 1.143, Mercury implants did not appear to 
indiffuse, but instead accumulated at the surface during annealing Cl.203.
Another effect observed was the formation of apparently semi-insulating 
or n-type regions either within the bulk Cl.173 or at the surface Cl.183 
of InP samples following annealing of magnesium or zinc implants made at 
room temperature. This was attributed to the presence of residual 
crystalline disorder within the material, which was said to give rise to 
n-type behaviour and therefore 'compensate' any p-type electrical activity 
due to the implants.
1.3 Acc<^ toi~_ implantation intO-fialnAg-
Cadmium was the first acceptor to be implanted into GalnAs. This was in 
1975, and the substrate material was GaxIn»-xAs of varying composition 
grown on GaAs C 1.213. P-type activity was obtained and p-n junction 
photodiodes were demonstrated. The first report of implantation into 
GalnAs grown 'lattice matched' to InP was a beryllium implant in 1982 
Cl,223, This work was followed by further implants of beryllium, 
magnesium, zinc, cadmium and mercury Cl.23-1.28 3. P-type electrical 
activity was not obtained for all the species implanted and seemed to 
depend upon the implant dose in the case of beryllium (Table 1.2). 
Dopant redistribution during annealing was again reported to be a problem 
for all four species, leading to p-n junction depth variations and non- 
uniform dopant profiles within the epilayers. The high rate of dopant
- 5 -
diffusion and the presence of residual impurities or implantation damage 
were thought to be responsible for the poor electrical results observed.
Ion
Implant Condition 
(Energy/dose/temp.) 
(kev/cmrVC)
Anneal Condition
(temp./time) (cur2) (cm2. V. s) 
("C/ minutes)
Ref.
Be* 50,120,280/4.7xl0,3/RT 670/15 10’2 100 1. 22*
30/3x10'VRT 650/30 1.5xl0' 4 ? 1.26
50/10'2/RT 700/10 --  n-type -- 1.28
50/1013/RT 700/10 --  n-type -- 1,28
50/10'VRT 700/10 3. OxlO' 3 160 1 . 28
Kg* 150/ 1012/RT 700/10 --  n-type -- 1.28
150/10’VRT 700/10 --  n-type -- 1.28
150/10'4/RT 700/10 --  n-type -- 1.28
Zn* 300/10*VRT 700/10 --  n-type -- 1.28
300/10'VRT 700/10 --  n-type -- 1.28
300/10'VRT 700/10 --  n-type -- 1.28
Hg* 700/10'VRT 700/10 10’ 2 400 1.28
700/10'VRT 700/10 7.5xl0’2 77 1.28
700/10’4/RT 700/10 1. 8xlQ13 30 1.28
TABLE 1.2 : A summary of electrical results reported following
furnace annealing of acceptor implants into GalnAs.
* This is a representative result from several papers published by 
the same authors. They used triple-energy multiple implants and 
only report results for total beryllium implant doses greater than
4. 6x1 O’3 cm~2.
1 <4 Rapid thermal annealing of acceptor implants in TnP and GalnAs
As a consequence of the problems of dopant redistribution and surface 
protection observed during furnace annealing of acceptor implants in 
these materials, several workers have investigated the alternative of 
'rapid thermal annealing' (RTA), In this process, the implanted sample is 
held at a high temperature for a short time (usually between 5 and 180 
seconds), compared to the typical 10-30 minutes duration of a furnace
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anneal. Direct comparisons between the results of furnace anneals and 
RTA have been made by a number of authors for beryllium and zinc 
implants in both InP and GalnAs Cl.29-1.34]; they generally claim a 
reduction in the dopant redistribution following RTA, leading to abrupt 
depth profiles and Improved electrical activity (Table 1.3). In
contrast to the results of Cl.28] above, zinc implants into GalnAs are 
reported to give good p-type activity fallowing RTA Cl.331; these authors 
suggest that greatly reduced outdiffusion of the dopant enabled them to 
obtain this result.
Implant Condition Anneal Condition ffQ
Ion (Energy/dose/temp.) (temp,/time) (cur2) (cm2. ¥. s) Ref.
(kev/cnr2/ *C) <*C/seconds)
Be+ (InP) 50, 150/9xl0’3/RT (900°/3) 3, 9xl0’ 3 81 1,29
50,150/9xl0,3/RT (900*/10) 4. 3xl0’3 88 1.29
50,150/9xl0’3/200 (900*/3) — unmeasurable — 1.29
50,150/9xl0,3/200 (900*/10> — unmeasurable — 1,29
200/3xlOl3/RT (700*/10) 10’ 3 65 1.30
200/10’VRT (700 */10) 6xl0’ 3 80 1.30
100/10’VRT (74Q*/4) 7. lxlO’2 112 1.35
Be"'(GalnAs) 100/5xl0,3/RT (650 */30) 3xl0’3 175 1,32
100/2x10’VRT (650*/30) 1014 135 1.32
200/6xl0’2/RT (725*/7) 5.6xl0’ 2 198 1.36
Kg+ (GalnAs) 400/ 10’S/RT (800*/30) --  n-type --- 1.37
Zip (GalnAs) 300/ 10’VRT (650 */13) 5xl0' 4 y 1.33
TABLE 1.3 : A summary of reported electrical results obtained
following rapid thermal annealing of acceptor implants 
in InP and GalnAs.
More recent results for beryllium implants in InP and GalnAs from several 
workers show that dopant redistribution is not always prevented by RTA 
and that the electrical results are not necessarily reproducible Cl.34, 
1.35, 1.363. Differences in the substrate or epilayer quality are held to 
be responsible for the observed variations. Rapid thermal annealing of
magnesium implants in GalnAs is reported to yield n-type activity Cl.37, 
1.383, as was seen after furnace annealing Cl.30].
15 Structure of _±hs_thesis
In this introductory discussion, we have seen that there exists a clear 
need for integrated GalnAs/InP PIN-FET photoreceivers and that such 
devices have been successfully fabricated by introducing a p-type layer 
during material growth, or by diffusion or beryllium ion implantation. 
However, even a brief study of the literature on the subject shows that it 
is apparently extremely difficult to obtain reproducible electrical 
results in InP and GalnAs using acceptor implantation and post-implant 
annealing. In particular, the substrate quality, degree of implantation 
damage, method of surface protection and amount of dopant redistribution 
have been shown to influence the electrical results. The use of rapid 
thermal annealing seems to improve some results, but not others and 
little appears to be known about the relationships between the many 
processing parameters.
This thesis therefore sets out to extend the above studies and 
investigate the processes that occur during rapid thermal annealing of 
the acceptors beryllium, magnesium, zinc and mercury in InP and GalnAs. 
In order to do this, it has been necessary to use several complementary 
analysis techniques. These are outlined in chapter two, which also covers 
the physics of ion implantation and the various means of surface 
protection developed to protect the implanted layers during RTA. Chapter 
three presents the results obtained using InP substrates and includes 
surveys of the literature pertaining to surface protection, implantation 
damage and dopant redistribution. Chapter four similarly presents the
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results for GalnAs. Chapter five discusses all the results obtained and 
enlarges further upon the models of damage regrowth and dopant 
redistribution, before leading to the conclusions drawn in chapter six.
CHAPTERS
EXPEmEmL„ijiiHai)s 
2.1 JjltEDdilGltlQIl
A substantial number of different experimental methods are described in 
this section, which has been laid out so as to reflect the logical 
sequence of events as they occurred during the experimental work. In 
this sequence, pieces of InP and GalnAs were obtained from the growers, 
implanted and then annealed using appropriate surface protection, before 
being assessed by several complementary analysis techniques. Detailed 
descriptions have been limited to those aspects of the work which are 
novel, necessary to subsequent discussion, or felt to be poorly explained 
elsewhere in the literature.
2.2.1 Indium Phosphide
'2 inch* diameter InP wafers of the type typically used as substrates for 
the growth of GalnAs epilayers were supplied for this project by British 
Telecom Research Laboratories. These had been acquired from several InP 
growers such as Sumitomo, Nippon Electric or Imperial Chemical 
Industries. Wafers were iron doped to give them semi-insulating (SI) 
properties and BTRL were responsible for the preparation and polishing of 
the material.
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In the text below, "as received' implies that an InP wafer has been 
polished at BTRL and sent to Surrey ready for a final organic solvent 
rinse and HF dip before implantation.
2,2.2 Gallium Indium Arsenide
The GalnAs used in this work was grown by molecular beam epitaxy (MBE), 
vapour phase epitaxy (VPE) and liquid phase epitaxy (LPE). All but one 
MBE-grown piece of GalnAs were fabricated at BTRL. This piece of MBE 
GalnAs and all the LPE material were supplied by the SERC central 
facility for the growth of compound semiconductors at Sheffield 
University. In all cases, the Gao.47Ino.bsAs epilayer was grown nominally 
'lattice matched' on an InP substrate. 'As grown' GalnAs was cleaned 
before implantation in the same manner as InP.
2.3 Starting material characterisation
2.3.1 As-received InP
Rutherford backscattering (described in section 2.8 below) was performed 
upon all wafers which were used for implantation experiments. A 
'crystalline damage parameter' was obtained from backscattering data; 
this number is a percentage measure of crystalline quality which ranges 
from about 4% for perfect crystal to 100% for a truly amorphous target, 
A value of x'•»*" = 4%±1% was observed for the majority of the supplied 
material.
Unimplanted wafer pieces were annealed without an encapsulant and 
electrically assessed to make sure that rapid thermal annealing alone did 
not lead to any electrical activity.
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Although photoluminescence (PL) and transmission electron microscopy 
(TEM) were only applied in a few specific cases (see chapter 3 below), 
these results also indicated that 'as received' InP was of good quality 
and behaved reproducibly,
2 .3 .2  lA sL snam L Q oInM
As received GalnAs was examined by optical microscopy and scanning 
electron micrographs of the surface were obtained if there were features 
of interest. Hall effect measurements were performed on selected wafers 
if there was a sufficiently large area of GalnAs available. In some 
cases, the growers supplied electrical data for the given piece of GalnAs. 
The results of this characterisation are shown in chapter 4.
Rutherford backscattering (RBS) was also performed upon several pieces of 
'as grown' GalnAs. The Xnin value for these layers was about 12%±1% 
(table 4.1). It was also possible to ascertain the thickness of some 
GalnAs epilayers and to obtain a measure of compositional fluctuations 
across the wafers using this technique.
All the pieces of GalnAs obtained were used for experimental work but 
owing to the small area of most of the supplied pieces, it was not 
usually passible to conduct a number of different experiments upon 
samples from a single piece of material. For this reason, the wafer 
number is given for each experimental result quoted.
2 .4  lQa_J.mplantatioD,
Ion implantation is an established means of introducing dopants into 
semiconductors and is used routinely in the fabrication of commercial
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silicon and GaAs circuits. In this process, fast moving positively 
charged ions are directly injected into a substrate. Dopant introduction 
by this means has several advantages over growth or diffusion techniques, 
such as independent control of both the doping level and the thickness of 
the doped layer, good uniformity and reproducibility of doping, the 
ability to achieve doping profiles not easily obtained by the other 
techniques and the possibility of using suitable masking to dope desired 
selective areas. It is also often possible to introduce dopants which 
cannot be introduced by diffusion methods owing to their low solubility 
and/or low diffusivity. General aspects of ion implantation are well 
covered by the literature [2.1-2.43.
The major disadvantage of ion implantation is the introduction of 
crystalline disorder during the implantation process. In order to remove 
this and allow the implanted dopant to become substitutional, the 
implanted substrate must be subjected to an annealing cycle. It is a 
study of this post-implant processing in GalnAs and InP that has been 
the main aim of the present work.
2.4.1 Physics of ion implantation
When an energetic ion enters a solid it suffers multiple collisions, 
losing energy by interactions with the electrons and nuclei of the target 
atoms. These collisions result in multiple deflections of the ion from 
its original trajectory until it is finally brought to rest. If the target 
material is amorphous then the stopping process for any particular ion of 
an incident monoenergetic beam will be random and the distribution of 
implanted ions can be shown to have an approximately Gaussian shape 
[2.53, characterised by an average projected range RP and its standard 
deviation ARP, Many calculations and measurements of RP and ARP have 
been made for combinations of different ions in different solids
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[2.5-2.7], In the present work, the Projected Range Algorithm (FKAL) [2,73 
has been used and the relationship between the implanted impurity 
concentration N<*i, depth x and implanted dose No is taken to be
As fast-moving ions are brought to rest within a single crystal target, 
nuclear collisions result in the displacement of target atoms from their 
lattice positions. This 'crystal damage' depends upon the relative masses 
and atomic numbers of ion and target atoms, the ion energy, the 
implantation temperature and the number of ions that impinge (ion dose). 
Furthermore, in crystalline targets the final distribution of implanted 
ions also depends upon the orientation of the substrate with respect to 
the ion beam. If the incident beam is aligned with one of the major 
crystal axes or planes then the phenomenon of 'channelling* may occur 
[2.1, 2.8-2.103 whereby some of the implanted ions penetrate to depths far 
greater than those predicted for amorphous targets. The final 
distribution of such 'channelled' ions is characterised by a deeply 
extending 'tail' with a secondary dopant peak at a depth where the ions 
eventually 'dechannel'. This problem is generally minimised by 
misaligning the target crystal so than the ion beam is incident in a 
'non-channelling', or 'random' direction, thus making the target material 
appear amorphous.
If sufficient target atoms are displaced from their lattice sites, the 
damaged region no longer possesses long range lattice order and is then 
said to be 'amorphous' in nature. The structural changes which occur 
during conversion of a crystalline semiconductor to an amorphous state 
are still not well understood. Models for the creation of an amorphous 
layer fall into two categories; (i) the "heterogeneous" type, in which the 
individual damage clusters arising from each ion impact are said to be
(x-Rp) 2
. . . (2,1)
ARp
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amorphous. Overlap of a sufficient number of these amorphous regions 
then forms an amorphous layer. This model is said to hold for heavy 
ions; (ii) the "homogeneous" type, which suggests that when the defect 
concentration reaches some critical value in single crystal material, the 
crystal becomes unstable and transforms to the amorphous state. This 
model is said to apply to light ions.
2.4.2 Irnpl ant at i  on .pr-qc.ed.nm
With the exception of beryllium implants, all the GalnAs and InP 
material was implanted using the 500 keV heavy ion accelerator at the 
University of Surrey. In this machine, ions of the required species
are produced in a Nielson-type Ion source held at a high DC voltage.
Positive ions are then extracted through an aperture held at a 
negative DC bias. After acceleration through the required energy 
potential (50 - 500 keV for this machine), the ion species are mass- 
analysed and allowed to impinge upon the sample which is clipped to a 
plate mounted upon a specimen holder in the target chamber.
Electrostatic deflection is used to raster the beam across an earthed 
aperture plate which determines the beam area on the sample^ .
Secondary electron emission is limited by the application of a 300 V 
positive bias to a metal plate located between the sample and aperture 
plates. The sample plate is electrically isolated from the specimen 
holder but connected to earth via a current integrator.
Direct observation of the ’beam current’ between sample plate and 
earth allows the machine conditions to be optimised prior to 
implantation and is a convenient monitor of conditions during 
implantation. Current integration allows the implanted dose to be 
calculated, since
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Q
No = ------ , . . . 2 , 2
e A
where Q Is the total integrated charge, No is the implanted dose, e is the 
electronic charge and A is the beam area defined on the sample by the 
aperture plate. A pneumatically operated gate valve automatically shuts 
off the ion beam when a preset charge corresponding to a desired dose is 
reached by the integrator. A summary of the implants performed on the 
500 keV implanter is given in table 2,1 below. The shortest Implant time 
used was about 2 minutes,
Two specimen holders were used for this work. The first consists of a 
carriage upon which a sample plate carrying up to four 2cm2 samples may 
be mounted. The samples were implanted by moving the carriage 
horizontally within the target chamber, exposing each sequentially to the 
beam line. This sample plate may be raised to about 200°C (±5°C) by a 
resistive heater, with the temperature being monitored by an electrically 
•floating’ thermocouple connected directly to the sample plate adjacent to 
the material being implanted. This holder was used for the GalnAs 
implants and the 200 °C InP implants. The second specimen holder is a 
carousel capable of holding up to eighteen 2" diameter wafers. This was 
used for most of the room temperature InP implants. Both specimen 
holders hold the sample plane at 7° to the incident beam in order to 
minimise channelling.
ION DOSE
(car2)
ENERGY
(keV)
TEMP.
CC)
BEAM CURRENT DENSITY 
(/iA/cm2)
2 4 Mg* 10’4-1.55xl0ls 50-400 RT & 200° 0.11-0.30
G6Zn* 2xl0,4-10,s 50-400 RT 0.08-0,11
129Xe* 1014 200 RT 0. 04
200Hg* 1014-10,B 100 RT & 200° 0.03-0.14
TABLE 2.1 : Summary of implants performed into GalnAs and InP on the
500 keV heavy ion implanter.
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Immediately prior to implantation, both GalnAs and InP samples were 
cleaned in boiling organic solvents (toluene, trichloroethane, methanol). 
They were then dipped in 40% HF solution for 10 seconds and rinsed in 
deionised water. Small samples were held in position on the sample plate 
by colloidal silver paint, which ensured good thermal and electrical 
contact. Larger pieces were clipped in place with phosphor-bronze clips.
2.5 SurTace-pmfcsGtiQn _teghalqjLid&
Several methods were used during the present work in order to minimise 
thermal degradation and prevent dopant loss from the InP and GalnAs
during rapid thermal annealing. Dielectric 'encapsulation', in which a 
thin film of a compound such as silicon nitride (SislL) or aluminium 
nitride (AIN) is deposited on the semiconductor surface, was compared to
methods which provide a local increase in the partial pressure of the
most volatile component of the compound (phosphorous in the case of InP
and arsenic in the case of GalnAs).
2.5.1 Dielectric -deposition
(a) Silicon JtitEide-iSial*) deposition
SiaNd was laid down by pyrolytic chemical vapour deposition (CVD). This 
was acheived by using a graphite strip heater to elevate the substrate 
to the desired growth temperature in an atmosphere consisting of 5% 
silane in nitrogen combined with ammonia and further nitrogen gas. 
Typical flow rates were 400 cm3/minute of 5% silane in nitrogen; 600 
cm3/minute of ammonia and 1500 cm3/minute of nitrogen. The encapsulating 
films were deposited according to the pyrolytic reaction
3SiH4 + 4NH3  ^Si3N4 + 12H2 . ...2.3
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Two growth temperatures were used: 625”C for GalnAs, giving a deposition 
rate of 110 nm per minute; and 590-610'C for InP, giving a slower rate of 
20-33 nm per minute. The properties of the Si3N4 films deposited in this 
apparatus have been studied extensively by RBS [2.113 and shown to
contain an average of 4% oxygen.
(b) Aluminium nitride (AIM? and M  mp' deposit inn,
AIM was deposited at room temperature by evaporation of pure aluminium
in an ammonia (MH3) atmosphere. Samples to be encapsulated were placed 
within a conventional evaporator and the bell jar evacuated to the base 
pressure of the system (10-6 torr). Aluminium wire on the tungsten 
filament was then heated in order to allow it to outgas and melt into a 
uniform coating. After allowing the vacuum to recover, ammonia was fed 
in at a flow rate which gave a chamber pressure of about 5xl0-3 torr 
under continuous pumping. The aluminium was then evaporated, reacting 
according to the formula
2A1 + 2NHs -) 2AIM + 3H2, ...2.4
to give an 80-100 nm thick layer of AIM on the samples. Details of this 
deposition process and SBS studies of these dielectric layers are 
discussed in the literature [2.11, 2.123. The deposited films were shown 
to be partially hydrolysed and have a composition of approximately 
70%A1N and 30%A100H.
When the SiaM4/AlM 'dual cap' was to be deposited, about 30nm of pyrolytic 
Si3M4 was deposited first, then a further 60nm of AIM was evaporated in 
order to form the final encapsulating layer.*
♦Footnote ; Uhen referring to encapsulants deposited at Surrey University 
in the rest of this text, 'SiaN/t' and ‘AIN1 will be taken to 
mean oxygen-containing films of the type discussed here,
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<c) UaasghflsilfGafs ..glas s  (FSG? and . 'Sllox* (SAQa) dgpositioii
A commercial CVD apparatus was used by R. Blunt at Plessey Research 
(Caswell) Ltd. to deposit about 280 nm of phosphosilicate glass (PSG) on 
several implanted InP wafers. Samples were placed on a preheated platen 
and held at 340 °C for four minutes before being transferred into the 
growth chamber which was continually purged with silane. Encapsulant 
growth was initiated by introducing oxygen and stopped when the oxygen 
supply was cut off. Phosphine was injected throughout the growth period, 
giving a phosphorous concentration in the film of about 7%, The PSG 
growth rate was 70 nm per minute.
'Silox' (Si02) was deposited on implanted InP by D. Wake at BTRL, using a 
similar CVD apparatus but employing a different technique, in which the 
samples were initially placed on a platen at room temperature. This was 
then introduced into the silane-filled growth chamber and left for eleven 
minutes to reach equilibrium with the growth temperature of 400 °C. As 
before, the deposition reaction was initiated by introducing oxygen. The 
quoted S102 deposition rate in this case was about 50 nm per minute.
2.5.2 Other .forms of surface protection
a) IndfimztjjD^pseudoblnary (IIP) annealing
In addition to the use of the above dielectric layers, an indium-tin 
pseudobinary (ITP) (so-called because it treats InP as a single component 
of a binary system rather than as indium and phosphorous separately) was 
used to limit the decomposition of InP during annealing. The details of 
the annealing technique are discussed in section 2.6 below, however the 
theory behind the method is as follows. Since the major cause of InP 
degradation Is loss of phosphorous from the surface during annealing, 
enhancement of the phosphorous vapour pressure at the surface should 
reduce decomposition of the compound. This is the reason that close-
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contact, or 'proximity' annealing has been tried by many experimenters, 
since when two pieces of InP are placed face to face, the residual surface 
roughness of the samples will create a small free volume between the 
contact faces. The phosphorous vapour pressure in such a confined volume 
is enhanced over that which would occur above an unprotected InP surface. 
However, the vapour pressure of phosphorous over an InP surface is 
limited because when the material is heated, phosphorous evolution leaves 
behind an indium-rich melt. The phosphorous partial pressure aver this 
melt is related to the phosphorous concentration within the melt by the 
equation
P2) = p*(P2),x2, .... 2.5
where p(P2) is the partial pressure of phosphorous (in the form of P2, the 
most predominant phosphorous species in the vapour phase) over the melt; 
p" (P2) is the partial pressure of phosphorous over pure InP liquid and x 
is the concentration of phosphorous in the melt [2.133. This means that 
as the phosphorous content within the melt falls, so too does the 
phosphorous overpressure, leading to further decomposition of the 
surrounding material. What is required is some way of increasing the 
phosphorous content of the indium-rich melt in order to enhance the 
phosphorous overpressure.
Studies of the InP-tin pseudobinary show that the solubility of 
phosphorous in indium-tin solutions increases with increasing tin 
concentration and that in the region of 500-1000 °C, the solubility of InP 
in tin is some two to three orders of magnitude greater than in indium 
[2.143. Thus if tin is added to the InP melt, forming an indium-tin- 
phosphorous solution, more InP will be dissolved than in the indium-rich 
melt described above. Assuming that the presence of the tin does not 
lead to substantial deviations from ideal solution behaviour, this greater
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phosphorous concentration within the melt will give rise to an enhanced
phosphorous overpressure according to equation 2.5 above.
b) Bmxlialty ling
As described for InP above, some GalnAs was annealed with the implanted 
face in close contact with pieces of GaAsP and GaAs. These 'proximity' 
anneals were found to be suitable up to annealing temperatures of 
approximately 800 *C, at which temperature fine decomposition of the 
GalnAs surface began to occur. To perform these anneals, a 1 cm2 piece 
of polished GaAs or GaAsP was was cut and placed on top of a 5mmx5mm 
square GalnAs sample in the double graphite strip heater (described in 
the next section). The enhanced local overpressure of arsenic and gallium 
reduces the outdiffusion of these species and consequently reduces 
thermal degradation of the sample. Mo difference was seen between GalnAs 
samples annealed under GaAs and those annealed under GaAsP, provided a 
new piece of covering material was used each time.
c) Annealing .in a phosphine -ambient
A few InP pieces were subjected to rapid thermal annealing (RTA) whilst 
held in a phosphine (PHa) ambient in another graphite strip heater by W. 
Haussler, of Siemens' Research (Munich). In this apparatus, the graphite 
strips and sample are enclosed in a stainless steel box which can be
filled with the desired proportions of PH3 and H2 . The PHa partial
pressure for 850°C anneals was 0.32 torr. Temperature was monitored by 
two thermocouples buried in the graphite, as well as by using an optical 
pyrometer. Samples were preheated to 150"C for 30 seconds, then raised 
to the desired annealing temperature in less than ten seconds. As will 
be seen from the next section of this thesis, this experimental
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arrangement is very similar to that used for the rest of the rapid 
thermal annealing experiments described here.
2.6 Annealing techniques
2.6.1 Standard rapid thermal..annealing
A double graphite strip heater was used to anneal the GalnAs and InP 
samples in the present work. It consists of two graphite strips same 
7x3.5x0.1 cm in dimension, mounted one above the other <Fig. 2.1). This 
leaves a space of the order of 0.1 cm high between the strips in which 
small samples may be placed centrally. A current of about 100 amperes 
is passed through the strips to raise their temperature by resistive 
heating. The apparatus is mounted within a bell jar which is evacuated 
to about 10-3 tarr prior to an anneal and then backfilled with nitrogen 
gas to atmospheric pressure.
Both feedback control of the power supply to the strips and measurement 
of the sample temperature are accomplished by the two chromel-alumel 
thermocouples Tc and T* which register the temperature of the lower strip 
and the 'air gap' between the strips respectively. The temperature-time 
characteristics of these strips using several alternative temperature 
measurement configurations are available in the literature £2.11, 2.15, 
2.161. A typical temperature-time excursion obtained from the present 
system is shown below (Fig. 2,1), When the power supply is switched on, 
the preset annealing temperature is reached within 6 -8 seconds for 
anneals between 650° and 900°C. The control thermocouple Tc registers a 
slight 'overshoot' of the desired annealing temperature, but the air gap 
temperature lags behind the measured strip temperature indicating that 
there is no such overshoot of the sample temperature. Since the sample
-  22 -
is effectively sitting within a 'black body' cavity, its temperature is 
likely to be within a few degrees of that measured by the air gap monitor 
thermocouple. This was confirmed by attaching a thermocouple to a 
'dummy' sample and comparing its temperature reading to that of the 
monitor thermocouple T«. The maximum difference observed was about ±2°C.
Thermocouples were calibrated by melting small pieces of gold and silver 
on the strips and observing the difference between the indicated 
temperature and that at which the metals melted. Careful use of this 
annealing system gives a run-to-run reproducibility of ±2°C and an 
absolute accuracy of about ±5 °C for the temperature range used in this 
work.
sample
FIGURE 2.1 : Schematic diagram of the standard double graphite strip
heater arrangement used in this work, and a typical 
temperature-time excursion for this thermocouple 
configuration (after ref. 2.16).
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2.6,2 Indium/Tin pseudobinary (ITP) rapid thermal annealing 
In order to perform the ITP anneals, two special graphite strips were 
designed. These differed from the standard strips in that they were 
machined so as to give a fully enclosed space between them (Fig. 2.2). 
The enclosed volume was approximately 5.6 cm3. Temperature control and 
monitoring arrangements were unchanged, with Tra being admitted into the 
enclosed box through a small hole drilled in the side of the upper strip. 
Samples sat exposed on a small graphite 'island*, surrounded by InP 
powder containing 10% tin by weight. This powder was replenished after 
each annealing cycle.
sample
graphite
island
I
10%  tin /  InP 
powder
Tm(monitor thermocouple)
Tc (control thermocouple)
current
FIGURE 2.2 : Schematic diagram of the graphite strip arrangement
used to provide an enhanced phosphorous vapour pressure 
during rapid thermal annealing of InP.
2 .7  Electrical.. m e a s u rs B ig iit
The main method of electrical assessment used in this work was 
measurement of the specific sheet resisltlvity pc and Hall effect between 
contacts placed on the implanted face of the InP or GalnAs, From these 
measurements, the carrier type, sheet carrier concentration and sheet 
mobility were derived. Chemical etching was used in conjunction with 
such measurements to obtain values for the volume carrier concentration 
and the mobility variation with depth. Four-point probe assessment was 
also used for some samples.
Van der Pauw has shown [2.17] that the specific resistivity and the Hall 
effect of a flat sample of arbitrary shape may be measured without 
knowing the current pattern in the sample if the contacts used are small 
and situated at the sample circumference, and the sample is of uniform 
thickness and homogeneous. In practice, any contact used must have a 
finite size and not be situated exactly at the sample edge, however the 
above ideal situation may be approached by the use of a clover-leaf 
shaped sample (Fig. 2.3).
I I ( 4 < * « I I
FIGURE 2.3 : Sample shape for the measurement of specific
resistivity and the Hall effect.
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(a) 'Clover-leaf* formation
Following annealing, encapsulated samples were dipped in 40% hydrofluoric 
acid to remove the dielectric layer and rinsed in deionised water. A 
clover-leaf was then formed either by the use of an abrasive microblaster 
which removed material not protected by a metal mask, or by standard 
photol ithography,
In the farmer process, dental wax was used to hold a clover-leaf shaped 
metal mask in place while fine alumina particles were blasted onto the 
exposed surface, removing unwanted semiconductor material. Samples were 
then cleaned in organic solvents to remove the wax and mask.
For photolithography, Shipley AZ 1375 positive resist was spun on at 
8000 rpm for 45 seconds. Samples were 'soft baked' at 90°C for 25 
minutes, then exposed to ultraviolet light for 190 seconds. Following 
exposure, the photoresist was developed for 2 minutes and then samples 
were 'hard baked' at 125°C for 25 minutes. Etching of the 5000 nm high 
clover-leaf mesa was performed using 3 (lit : K2C r20 7)  : H2SQ4 : 2HC1
solution in deionised water (3 : 1 : 2) for InP and H2SQ4 : H2O2 : H2O <1 : 
5 : 50) for GalnAs. These solutions were found to give etch rates of 70 
to 1000 nm per minute (depending upon agitation conditions and 
temperature) and 500nm per minute respectively.
(b) Contact formationand sample .jnoimting
In order to perform accurate measurements of the Hall effect in 
semiconductors, it is necessary to fabricate metal-semiconductor contacts 
which are ohmic in nature, By definition, such contacts must possess 
negligible resistance relative to the bulk resistance of the 
semiconductor. Successful ohmic contact formation in III-V
2.7.1 Sample preparation
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semiconductors requires that electron transport across the metal- 
semlconductor interface occurs by field emission rather than thermionic 
processes, which would give rise to rectification.
In the case of GalnAs, the roam temperature bandgap of 0.75eV [2,183 is 
sufficiently low that such 'ohmic' contacts were obtained by evaporating 
gold onto the samples without subsequent alloying. Far InP, however, 
which has a bandgap of l,35eV at 300K [2.193, it was found necessary to 
use evaporated Au/Zn or alloyed In/Zn dots. Samples were placed on a 
small electric heater and held at 400 *C in a forming gas atmosphere for 
three minutes, during which time alloying of the contacts occurred. 
Linearity of the I-V characteristics was checked on a curve tracer prior 
to Hall measurement.
Following fabrication and contact formation, the clover-leaf samples were 
mounted on individual printed circuit boards (PCB's) with black wax. 
Electrical contact was then made between the board tracks and sample 
contacts with colloidal silver paint, after which the PCB was connected 
to the measurement apparatus.
2.7.2 HeasurefflQBL_p£_tha^p.eGifl£-resis.tivityi-aad..Ha3.I_Qflef£iQieiit
For a clover-leaf shaped sample such as shown in figure 2.3, the sheet 
Hall coefficient Rs is determined by measuring the voltage change AVis 
normal to the current path I z a  when a magnetic field B is applied 
perpendicular to the sample, Rs is given by
aVis
Ra = 108 X
L B I 2 4  J
(cm3/coulomb) ... 2 . 6
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For a perfectly symmetrical pattern, the sheet resistivity is obtained 
from the potential difference V34 between two adjacent contacts, 
ocurring when a current is passed between the other two contacts:
x Vs*
p8 - (Q/Q ) ..2.7
1 n2 112
If the pattern is not symmetrical, correction for geometry may be made by 
applying a suitable correction factor F and determining sheet resistivity 
from
where
pB =  ’ x
ln2
(Ri+Ra)
x F
Rt
Rt =
Vs*
It:
R2 =
r2
V*T
1 23
<Q/n > ...2.8
and F=l-
’Ri-Ra* 2 ln2 Ri-R2 * ’ (ln2 ) 2 (ln2 ) 3
,Ri+R2„ 2 .r, +r2. 4 12
From measurements of the sheet Hall coefficient and resistivity, the 
sheet Hall mobility ps may be calculated, since
(cm2/V.s) ...2.9
and the sheet carrier concentration obtained from
(cm'2) ...2 . 1 0
e Ra
where r is the ratio of the Hall mobility p« to the conductivity mobility 
p. The precise value of r depends upon the impurity concentration and 
scattering mechanisms within the measured sample. Because it is
difficult to fix a value for r, it is normally taken to be unity when
analysing ion-implanted layers. This was the case In the present work;
the calculated values of No are therefore subject to an absolute
uncertanity of 20-30% C2.13.
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Sheet electrical measurements may be combined with chemical etching to 
obtain values of carrier concentration and mobility versus depth. Sheet 
values are measured, fallowed by the removal of a thin layer of material 
using a suitable etchant. This was H2SG4 : H2O2 : H2O in the proportions 
1 : 1 :  125 for GalnAs and 1 : 10 Iodic Acid in deionised water far InP. 
These solutions bath gave etch rates of about 37 nm per minute when 
gently agitated at room temperature. The etch rate was determined by 
measuring the height of the etched step after a given etch time using a 
Rank-Taylor-Hobson 'Talystep1 instrument. At least four separate 
measurements were made per step, giving an estimated uncertanity in the 
depth scale of ±5%.
2 .7 .3  D i f f e r e n t ia l  e tc h in g ;
Following layer removal, new sheet values are measured and the cycle is 
repeated until most of the implanted layer is removed. When this occurs, 
a substantial increase is observed in the sheet resistivity. The number 
of carriers in the fth layer and their mobility can be obtained from:
and
Mi =
Ni =
1 1
, P«< >a< i + J>
t e di ;
RsC i i R©< i+n 1 1
Ps2C i) pS2{i + f) iPa< TO Pb< i + n
(cm~3) ...2.11
(cm2/V.s), , .2. 12
where (i) and (i-fl) subscripts indicate values measured for the (i) and 
(i-f.Z)th layer respectively and di is the thickness of material removed 
during the ith etch.
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The measurement system used for this work is fully automated and has 
been described in detail elsewhere C2.ll, 2.203. A constant current source 
(controlled to ± 0.5%) provides a fixed current (typically 100-300 pA) 
across two of the sample contacts at any given time, The path that this 
current takes through the sample is systematically changed and the 
voltage values developed across appropriate contacts measured both with 
and without the presence of a perpendicular magnetic field. These 
measurements allow values of the sheet resistivity, sheet carrier 
mobility and sheet carrier concentration to be determined using equations 
2.8-2.10, If chemical profiling is being performed, the sheet 
measurements are repeated after etching off a known thickness of material 
and the values of Ni and pi are then calculated from equations 2.11 and
2,12 above.
The field generated by the electromagnet is 0.44 kG and the magnet 
current is controlled to within ± 0.1 %.
\
2.8 Rutherford backscatterlng (RBS)
When a piece of material is bombarded with a high energy ion beam, for 
example, protons or alpha particles at MeV energies, a small fraction of 
the incident particles will suffer elastic, 'billiard ball' type collisions 
with target atom nuclei and may consequently be 'backscattered* out of 
the target surface. If these backscattered particles are collected and 
counted according to the energy they now possess, then for reasons 
discussed below, a 'backscatterlng energy spectrum' (Fig. 2.4) will be 
obtained which contains information about the concentration and depth 
distribution of elements within the first few microns of the target
2.7.4 Automated, sample measurement.
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surface. If the ion beam is made to be incident along one of the major 
crystallographic axes of a crystalline target, then a 'channelling' 
spectrum will be obtained, in which the yield of backscattered particles 
is greatly reduced, Any region of lattice disorder will show up in such 
a channelling spectrum as an increase in the local backscattering yield, 
giving some measure of the extent and location of the crystalline damage 
within the target.
Torflet afora
FIGURE 2. 4 ; Schematic backscattering spectrum obtained from an
impinging particle beam (usually 1-2 KeV helium ions 
for KBS) of mass Ki and atomic number Zi which is 
incident on an elemental crystalline target of mass M2 
and atomic number Z2: (1) in a *random* orientation to
the incoming beam, (2) with the beam incident in a 
'channelling* direction.
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In the present work, 1.5 MeV helium ions from the University of Surrey 
Van de Graaff accelerator were used to perform Rutherford backscattering 
(RBS) experiments on GalnAs and InP. Typical incident beam currents were 
less than 10 nA and the energy resolution of this backscattering system 
is 13 keV full width half maximum <FWHM), largely determined by the 
resolution of the surface barrier detectors in use. The scattering angle 
is fixed at 160' and the detector solid angle is about 2.25 
millisteradians. Samples were mounted on a goniometer offering sample 
translation and two axes of rotation with respect to the incident beam. 
The typical energy width of a channel in the multichannel analyser is 
about 3.08 keV under these experimental conditions.
The derivations and discussions below were originally adapted from two 
source texts which provide a comprehensive analysis of the theoretical 
basis and applications of RBS [2.21, 2.221. The nomenclature and
explanations of the meaning of the various parameters have been 
substantially rewritten.
2.8.1 Baais_Qoag-epta
Only four basic concepts enter into backscattering spectrometry. Each 
corresponds to a specific physical phenomenon and is the origin of a 
particular capability or limitation of the technique. They are:
i) energy transfer from a projectile to a target nucleus in an elastic
two-body collision. This leads to the concept of kinematic factor,
K, and the capability of mass perception by measurement of the 
energy of backscattered particles;
ii) the probability of such a two-body collision occurring, this leads to 
the concept of scattering cross section and the ability to relate
the number of scattering centres in a target to the number of
backscattered counts observed;
iii) the average energy loss of a projectile atom moving through a dense 
target. This leads to the concept of stopping cross section and the 
capability of depth perception;
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iv) statistical fluctuations in the energy loss of a projectile atom
moving through a dense target. This process leads to the concept 
of energy straggling and places limits on the ultimate ability of 
backscattering spectrometry to resolve mass and depth.
Each of these will now be considered in detail:
a) Kinematic factor K and mass perception
Consider the elastic collision shown in figure 2.4, in which a projectile 
of mass Mi and initial energy E=, collides with a stationary target atom 
M2 and undergoes a backscattering event with scattering angle 8, From 
the conservation of energy and momentum, the kinematic factor K may be 
defined as the ratio of the projectile energy after the collision (E‘) to 
that before it (Eo),
K =
Micos8 + (M2-M12 sin28) %
(Mt + M2)
The product KE0 is the energy with which a particle will be backscattered 
from the surface of a target composed of M2 and it fixes the position of 
a characteristic 'surface edge' for this element if Mi, 8 and E= are known. 
Notice that for a given scattering geometry K is independent of beam 
energy and mass resolution is best for low mass elements.
b) Scattering Cross-Section and the number of scattering- centres 
In order to relate the number of backscattered particles observed by a 
detector to the number of scattering centres (atoms) present in a target, 
it is necessary to know both the probability of such a two-body collision 
and the likelihood that the backscattered particle will fall within the
Footnote ; References [2,21] and 12,223 correctly use the notation dsr/dfi for the differential
icattaring cross section up to this point in their derivation, but later change this to 
f, Here, the symbol f is used throughout in order to avoid this confusion,
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solid angle ft of the detector in question (in other words, be observed by 
the detector). The differential scattering cross-section <r in a given 
direction into a differential solid angle dft is defined for a target atom 
as
This expression is based upon the Rutherford scattering formulation
[2.231 (hence the name : Rutherford backscatterlng) which is derived
from the principles of conservation of energy and momentum, and assumes
that the force acting between the projectile and target nuclei is 
determined by Coulombic repulsion alone. In the above expression, Zi and 
Z2 are the atomic numbers of the projectile and target atoms respectively, 
e is the electronic charge and E is the energy of the projectile 
immediately before scattering through an angle 0, It is the 1/E2 
dependence of <r that is responsible far the increase in backscatterlng 
yield as the projectile energy decreases (Fig. 2.4), together with the 
enhanced probability of multiple scattering events at low projectile 
energy. For a real detector with a finite solid angle ft, the average
differential scattering cross section 0 > is defined as
If we say that the detector solid angle ft is small enough to neglect the 
change in scattering angle across it, then o' is constant with angle and
n o .  o f  p a r t i c l e s  s c a t t e r e d  i n t o  s o l i d  a n g l e  dft
o'. dft =
n o .  o f  i n c i d e n t  p a r t i c l e s  p e r  u n i t  a r e a
a may be written in laboratory coordinates as
Z,Z2 e2 I2 (cose + Cl-Oti/Ifc sin©)2]^ ) 2
O' x
[ 1-(M,/M2 Sin©)2] %
. .. (2.15)
2Esin20
...(2.16)
O' . , . (2.17)
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c) Stopping. Gross-SectiQBL
The energy loss dE/dx (where E is projectile energy and x the thickness 
of target traversed at any moment) accounts for the energy a fast 
particle expends as it is brought to rest within a dense target. The 
value of dE/dx can be seen as an average over all the possible energy- 
dissipative processes activated by the projectile on its way past a 
target atom. Energy loss is a function of b o t h the thickness x traversed 
a n d the energy of the projectile particle at a given moment (which is 
itself a function of x). We therefore define the stopping cross-section e 
as the energy loss per unit thickness at a particular projectile energy,
dE
e = — (E) . ... (2. 18)
dx
Bragg's rule of linear additivity is usually applied to obtain values for 
g in the case of compound targets such as those used in the present work, 
so that for Gao. 47 Ino, saAs,
ea«,inA» = o,47GQa + 0 . 5 3 G In + gAb , ...(2,19)
and similarly for InP,
sInP = eIn + ep . ... (2.20)
The elemental values of e are tabulated for different incident beam 
energies [2.24],
The depth information one obtains from an RBS energy spectrum is 
contained within an observed energy difference AE which one may measure 
directly. Consider figure 2.5, which shows a schematic diagram of two 
types of backscattering events, one at the surface and one after the 
incident particle has penetrated a depth t of an elemental target.
In the energy spectrum, we observe the difference AE between the energy 
KEo (equation (2.13)) of projectiles backscattered at the target surface 
and the energy E2 of those which have followed an inbound path of length
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FIGURE 2. 5 : Schematic diagram showing backscattering geometry,
notation and simplified energy spectrum arising from 
an elemental free standing film of thickness t
I I I I I I I I I I I » I I I < I I I I 4 t I I f I 4 I 4 » I i I t I I I f I < I I t f I « « I I 4 4 4 « I 4 t I I I f I I I «
t/cos8i, suffered a backscattering event at depth t in the target and 
subsequently made their way out of the material along an outbound path of 
length t/cos82 to the detector. The observed energy loss AE shown .above 
is
AE = KEo - E2 . ... <2.21)
Let a particle have energy E<x) after penetrating a thickness x of the 
target, the energy Ei of particles immediately before backscattering at 
depth t is their initial energy Eo less the energy they have lost while 
inbound, in other words,
Ei
Ei — Eo- € <E) ,dx ... (2.22)
u
E
and the observed energy E2 after the backscattered projectile leaves the 
material is the backscattered energy KEi, less the energy lost outbound:
r e, f e2
Hence AE = K e(E)dx + e(E)dx ... (2.24)
KEi
If we make t small, so that the energy lost by the projectile on the 
inward and outward paths is small, we can say that € is approximately 
constant over the inward and outward paths respectively. This 'surface 
approximation' allows us to write that as t+0, Ei+Eo and E2+KE0,
/t/cos8* /*t/cos82
AE -» Ke (Eo) dx + e(KEo) dx , ...(2.25)
This is valid because e is a slowly varying function of E in this case 
(Fig. 2.6), so that e(x) varies much more slowly with x than does E(x).
We may therefore define a backscatterlng energy loss factor [S3 such that
AE = [S3,t , ... (2.26)
which can be evaluated for the surface approximation as
Ke(Eo) e(KEo)
[ S ]  -  -------  +   — -  . . , . ( 2 . 2 7 )
cos8» cos82
lore accurate values of [S3 may be obtained by using iterative techniques
to obtain better estimates of e(E). For instance, the 'mean energy
approximation’ calculates an initial value of [S3 and Ei from the surface
energy approximation and then uses average values of e(E) for the inward
and outward path in turn. These improved values of e(E) are then used to
recalculate [S3 and Ei. When stable values have been obtained for a given
surface thickness of the material, the procedure can be repeated for a
subsequent deeper thickness. Depth scales for the mercury concentration
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profiles shown in this work were determined by a computer program which 
operated in this manner. Comparison of the surface approximation (SA) 
and the mean energy approximation (MEA) values after the energy loss 
represented by 150 channels in the spectra Collected here gives a 
difference in the depth scales obtained using the SA and MEA of about 3% 
for InP and 1,3% for GalnAs.
FIGURE 2.6 : Variation of e with E for GalnAs and InP. w
d) Ensrgy Straggling.
If a collection of identical particles all having the same initial energy 
is allowed to pass through a given thickness of target material, then 
they will possess a spread of energies when they emerge. This 
phenomenon is called energy straggling and places a finite limit on the 
precisian with which energy losses and target masses may be determined 
by backscattering spectrometry. It arises because the separate particles
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lose energy via many individual encounters with target atoms and such a 
quantised process is subject to statistical fluctuations.
Several theories have been advanced to describe this straggling, the 
simplest is due to Bohr [2.253, who states that when an ion beam with 
atomic number Zi impinges on a target with atomic number Z2 and volume 
density N, the standard deviation S of the energy broadening may be 
obtained from
S2 = 4x(Zi e2)2. N.Zz.t , ...(2,28)
after a thickness t of the material has been traversed, Values of SVN.t 
are tabulated for helium ion bombardment of all the elements [2 ,2 1, 2 .2 2],
For a compound target AB of thickness t, Sab2 may be approximated by
2 2 2Sab Sa Sb
—  = jTa.“ —  + A.— —  , ...(2.29)
N a b .  t N a • ta  N b .  te
where fa and & are the fraction of A and B atoms in AB respectively.
Use of this expression in conjunction with the tabulated values of SVN.t
allows one to calculate a thickness of target material at which the
energy straggling becomes equivalent to the 13 keV FWHM system
resolution. This depth is found to be about 230 nm for InP and 406 nm
for Gao.47Ino.s3As.
2.8.2 Units .of thickness and real depth scales
In the above explanation of the meaning of e and the derivation of [S3, 
no mention has been made of the units of thickness x. In backscattering 
spectrometry, thickness is always given in terms of a number of atoms 
per unit area, or areal density, Tables of energy loss values dE/dx 
versus projectile energy (such as [2,243) always quote energy loss in 
units of eV/10’s atoms .cm-2. Conversion from atoms .cm-2 to nanometres can 
easily be accomplished if the volume density (atoms.cm-3) of the target is 
known, however this is not always straightforward as the volume density
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of thin films is frequently different from the bulk density and 
notoriously difficult to measure. In the present work, values of 3.96xl022 
atoms.cm"3 [2,19] and 1.96xl022 atoms.cnr3 [2,26] were used for the volume 
densities of InP and GalnAs respectively, allowing the depth scales shown 
an the RBS diagrams in chapters 3 and 4 to be obtained using values of 
[S3l"P= 168 eV/10ls atom, cm' 2 and [ S3 GGaal= ‘ 170 eV/10's atom.cnr2. These 
were obtained from the surface approximation using appropriate values of 
e, normal beam incidence and a scattering angle of 160°, The uncertanity 
in these depth scales is estimated to be about ±5%.
2.8.3 Backsgatering_IielA
This section cavers the relationship between the height of a 
backscattering spectrum and atomic concentration and then shows how 
comparison of the signal heights arising from different elements in a 
compound target allows the composition of the compound to be determined.
The height H of the surface channel AE wide in an ideal backscatterlng 
spectrum from an elemental target may be expressed as follows;
H = Probability of a scattering event 
occurring and being detected
x Fa. of Incident projectiles per unit area ...(2.30)
x Fo. of scattering centres in the volume of
material whose thickness is represented by the 
surface channel in the energy spectrum
From section 2.8,1 above, this is:
AE
H = <rft x Q x —  —  , ... (2.31)
[ S3 cos61
where Q is the number of incident particles per unit area and the 
(cos0i )_1 term is introduced because the number of scattering centres 
visible to the beam changes with incident angle.
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Ve can define the yield from a compound target AB in the same way as
AE. jfA
Ha = (TaS) x Q x ---— --- — * and ... (2.32)ABCSJa cos0i
He - (TbO X Q x
AE. fa
AB
[S3e COS01
... (2.33)
where & and & are the fraction of A and B atoms in AB respectively. If 
we measure the ratio of the two heights, HA and He, we may obtain a value 
&/& for the composition of AB without knowing O', Q, Q or 0i, since
Ha
He
ff\ E S3 b
AB *
fa I S3 a
Za
Zb
,..(2.34)
where we have also used the fact that o' may be regarded as proportional 
to Z2 for elements whose atomic number is greater than that of silicon 
(Z= 14).
Because of the proximity of the atomic numbers of gallium and arsenic, 
the backscattering signals arising from these atoms in GalnAs cannot be 
separated from each other. However, the value of the (GaAs)/In ratio will 
give some information regarding the composition of the epilayer. From 
expression 2.34, the height ratio for Gao.47Ino.s3As will be 
H(GaAs > 0.735 166 1024
     , x —  x —  = 1,169 , ...(2.35)
Hm 0.265 168 2401
where the GalnAs has been treated as a binary compound (GaAs)t.47lno.s3,
QaInAsusing values of Z<eaA«> = 32, ES3<QaAa> = 168 eV/1016 atom.cm-2 and
BaInfls[S3 m = 166 eV/10ls atom.cnr2. This ratio value was used as an indication 
of the stoichiometry of the GalnAs supplied for the present work (chapter 
4).
Profiles of implanted mercury atomic concentration versus depth were 
derived from backscattering spectra obtained for InP and GalnAs by first 
rearranging equation 2.32 to obtain an expression for the experimental
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constant QQ in terms of Hin, the yield in the surface channel of the 
indium signal for a given random backscattering spectrum obtained at 
normal incidence (cosSi=l):
Hln CS3 1 =
QQ = _ x —  . ... (2.36)
O' In fin. AE
[S3 in is the appropriate value of the backscattering energy loss factor 
for scattering from the fraction fm of indium atoms in InP or GalnAs. 
From equation 2.30, the mercury surface yield HHg is
H hsj =  O ' H g  x  QQ X  N H g  , . . .  ( 2 . 3 7 )
where NHg is the number of mercury atoms in the thickness of target 
material represented by the energy width AE of a channel in the mercury 
signal. From these expressions,
Zln 
Zhtg
The concentration of mercury atoms was calculated in this manner for 
succeeding channels in the mercury backscattering signal, using iteration 
to obtain [S3m from the mean energy approximation and establish the 
depth scale as described above.
HHg
  — X
Hln
. .. (2.38)
2.8,4 Spectra nQrfflalisatlon.-aM-daffieige^ aEaffieter. dcterminatioa
During RBS data collection, the total number of incident helium particles
was monitored by two completely independent measurements:
i) a current integrator was used to obtain the total charge (in 
pC) collected by the target and
ii) the backscattering yield from a four vaned Pt coated 'beam chopper* 
rotating at 4 Hz was counted by a scalar counter.
The ratio of collected charge divided by 'chopper counts' was then used 
to evaluate the stability of the experimental system over the course of 
each working day. The maximum daily variation seen for this ratio in the 
present work was about 2%.
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Spectra were normalised to 50000 observed chopper counts and corrected 
far dead time in the collection electronics before being compared in 
order to obtain values of the crystalline damage parameter which is
defined for a given target as the minimum percentage ratio of the yields 
He and Hr from a channelling and a random spectrum (Fig. 2.4). In this 
manner, x™1" be determined to within ± 1%, with the main source of
error being the ability to generate a reproducible 'random* spectrum from 
a crystalline target.
2.9 Secondary ion. m a ^  -spectrojaeti^LASlMai
In addition to being implanted or backscattered, a beam of energetic ions 
incident on a target may collide with target atoms near the surface and 
cause them to eject surface atoms from the material. This loss of target 
material is called sputtering. The majority of sputtered particles are 
neutral. However a small fraction are ionised and therefore capable of 
being accelerated through an electric potential into a mass spectrometer. 
This is the basis of secondary ion mass spectrometry (SIMS), in which a 
primary ion beam is used to sputter material from a target, ejecting 
'secondary ions' which are mass analysed, identified and counted.
All atomic profiles in InP measured by SIMS were obtained by A. Chew of 
Loughborough Consultants Ltd, whilst those from GalnAs (except where 
otherwise indicated) were obtained by G.D.T, Spiller of BTRL. Two 
separate Cameca IMS-3F machines were used.
2.9.1 Calibration of SIMS data
In the present work, 'dynamic' SIMS was used to obtain atomic 
concentration depth profiles of beryllium, magnesium, zinc and silicon in
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InF and GalnAs. The method consists of sputtering a crater in the 
target material using either 02+, or Cs+ as the primary ion beam and 
simultaneously counting the number of the desired secondary ion species 
detected per unit time. These counts per second are then converted to 
units of atomic concentration versus depth as described below.
a) Derivation of atomic concentration values
'As implanted* samples of the respective impurity species in the two
different matrix materials (InP and GalnAs) were examined, Secondary ion
signals were recorded from both the implanted impurity and a matrix
element (arsenic in the case of GalnAs and indium in the case of InP).
Because the total number of impurity atoms was known from the implant
dose, a 'relative sensitivity factor' (RSF) was then determined which
allowed the atomic concentration Nv of the same Impurity element to be
obtained in other samples of the same compound from the expression:
impurity counts/second
Nv = RSF x -  -------- — -— —  . ...(2.39)
matrix element counts/second
This gives an accuracy in the atomic concentration of about ± 15% for the
element/matrix combinations studied here,
b) Derivation of depth scales
Depth scales were established by measuring the total crater depth after 
sputtering had been completed and dividing this by the total time taken. 
Depth measurement was accomplished by means of a 'Dektak' mechanical 
surface profiler at BTRL and interference fringe counting at Loughborough 
Consultants Ltd. Both methods give depth measurements with an 
uncertanity of about ±6%.
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In order to obtain a meaningful atomic concentration depth profile, 
several potential sources of error must be avoided:
a) the sputtering crater must remain flat over the depth of sputtering 
being performed;
b) all secondary ions which do not originate from the bottom of the 
crater must be rejected;
c) the sputtering yield must remain constant.
In the present work, the primary ion beam was rastered over a 
250pmx250pm square to form the sputter crater, and optical microscopy 
used to establish that the crater remained flat bottomed in all cases. 
Crater edge effects were avoided by only accepting secondary ion signals 
which had orginated from a 60pm diameter circular region in the centre 
of the rastered square. This was done by placing a suitable aperture in 
the focal plane of the secondary ion optics. The matrix signal was 
monitored continuously in order to ensure that there was never any local 
increase in the sputtering yield.
A summary of the experimental conditions used is shown in table 2.2:
2.9.2 Limitations of SIMS and experimental cQnditioiia_used
Place of 
Measurement
Substrate Impurity Detected
Species
Primary
beam
species
Primary
beam
energy
BTRL GalnAs Beryllium Be+ Q2+ 8 keV
BTRL GalnAs Magnesium % + G2+ 8 keV
Loughborough GalnAs Zinc ZnCs+ Cs+ 10 keV
Loughborough InP Magnesium Mg+ Q 2 - 15 keV
Loughborough InP Zinc ZnCs* Cs+ 10 keV
Loughborough InP Silicon Si- Cs+ 10 keV
TABLE 2.2 : Summary of the experimental conditions used to obtain
the SIXS profiles shown in this work.
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2.10 EkptoluffliiaescaaQe (EL)
In the technique of photoluminescence (PL), a sample is bombarded with 
high energy radiation, usually from a laser source. This puts the sample 
into a higher excited electronic state. In returning to its equilibrium 
state, the sample emits radiation at energies characteristic of its 
electronic structure (Fig, 2,7). It is this radiation that is recorded as 
the photoluminescence (PL) spectrum of the sample.
In the present work, samples were mounted in an Oxford instruments flow 
cryostat fitted with optical windows and excited with 100 - 200 mW of 
argon ion laser radiation at 514 nm. The excitation was chapped at audio 
frequency and a reference signal sent to a lock-in amplifier. The PL 
emission was collected by appropriate optics, analysed by a 1 metre Spex 
spectrometer and detected by a ADC 403 cooled germanium PIN diode 
detector. The detector signal was amplified by the lock-in amplifier and 
sent to a microcomputer for display, storage and printout. Many of the 
PL spectra shown in this work were obtained by J.D. Lambkin of the 
Physics department at Surrey University.
2.11 IraBgffilsslPh.j3lectr.Qh-mico3sc.Qpy_(TM l
When an electron beam strikes a thin solid, two beams emerge from the 
other side, one strongly diffracted and the other strongly transmitted. 
If the incident beam passes through a crystal lattice near a defect (such 
as a dislocation), it encounters a local change in diffraction conditions 
and the diffracted and transmitted beam intensities are correspondingly 
modified. As a result, the defect can be distinguished from the
backgound (in other words, it shows contrast). On bright field
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(a) donor to conduction band; (b) valence band to acceptor; (c) 
valence band to donor; (d) acceptor to conduction band.
FIGURE 2.7 : Schematic representation of relaxation processes giving
rise to photoluminescence.
micrographs such as are shown in the present work, strongly diffracting 
regions such as dislocations appear dark since the transmitted beam 
intensity from these regions is less than that from the surrounding 
perfect crystal. The three TEM micrographs shown in this work were 
taken by R. Deol of the department of Electronic and Electrical 
Engineering at Surrey University.
2mmx2mm square samples of InP and GalnAs were prepared for TEI1 by 
polishing the unimplanted faces until they were about 150pm thick (wafers 
were initially approximately 300pm in thickness). Following this, they 
were 'jet thinned' by dripping a 5% bromine in methanol solution onto the 
back face as they were mechanically rotated. The etching was stopped 
with a methanol rinse when a hole had been made through the sample. 
Suitably thin areas of implanted material were usually found around the 
perimeter of the hole [2.273. Specimens were examined in a JEOL 200CX 
microscope operated at 200 keV using a double tilt holder.
i i «
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EXPERIMENTAL RESUIJS,.F.OS..IIDIM...PHQSEHIDE
3.1 Introduction and general comments
Five different methods of surface protection are compared: the use of an
enhanced phosphorous overpressure generated by an indium phosphide-tin 
pseudobinary (ITP); encapsulation with phosphosilicate glass (PSG), 'sllox' 
(SiCL), silicon nitride (Si3l4) or the 'dual' cap (SisEL/AIN); and annealing 
in a phosphine (PH3) gas ambient.
Although Rutherford backscatterlng (RBS) data suggests that ITP annealing 
can lead to full recovery of thin damage layers without significant 
surface degradation, n-type surface layers are found when this method of 
annealing is used above about 700*0. The results of X-ray microanalysis 
and photoluminescence (PL) show that this electrical result is most 
likely due to the incorporation of tin in the semiconductor surface 
during surface decomposition. The PSG, Si02 and SIsNa encapsulating 
layers are found to protect implanted surfaces up to temperatures of 
between 700* and 800° but n-type and semi-insulating electrical behaviour 
are observed following rapid thermal annealing (RTA), suggesting that any 
p-type activity is being compensated by some means. The 'dual' 
encapsulant protects implanted InP up to about 850*C and p-type activity 
is obtained following implantation of zinc and mercury. PL studies 
confirm the presence of activated zinc and mercury. However, several 
implants annealed using this encapsulant also remain semi-insulating. 
Studies using secondary ion mass spectrometry (SIMS) show that this
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irreproducibility is most likely due to the incorporation of silicon from 
the encapsulant and that the presence of implantation damage enhances 
this effect. Annealing in a phosphine ambient results In good surface 
morphology up to 850 °C and successful activation of zinc and mercury 
implants, despite substantial outdiffusion and dopant loss.
RBS studies show that complete regrowth of amorphous implanted layers is 
possible using RTA if the amorphous layer is less than about 200nm thick 
initially. A linear relationship is seen between the residual damage 
thickness after annealing and the initial amorphous layer thickness. 
This is similar to that observed by previous workers following furnace 
annealing.
SIMS and RBS studies of the redistribution of magnesium, zinc and mercury 
show that this remains a severe problem even using RTA and that the 
presence and subsequent regrowth of an amorphous layer greatly enhances 
the problem.
It is clear from all the results obtained that acceptor doping of InP can 
be achieved using ion implantation and rapid thermal annealing, but that 
a successful result depends upon a careful balance between the processes 
of thermal degradation, damage removal, encapsulant contamination and 
dopant redistribution.
3.2 Comparison of_differenL surface protection techniques
As indicated previously (chapter 1), one of the major technological 
problems associated with the application of ion implantation doping to 
InP is the low temperature at which this compound dissociates. It has
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been shown that phosphorous is preferentially lost from the surface above 
365 *C and that some decomposition of the InP surface will occur at 
temperatures as low as 325 X  [3.1, 3.23. Several methods of InP surface 
protection have been evolved to minimise such thermal degradation, these 
include so-called 'proximity' annealing of InP samples in intimate contact 
with each other [3.33, annealing in an 'enhanced' phosphorous overpressure 
created by the presence of an InP-Sn pseudobinary (ITP) [3,4, 3,53, the 
use of dielectric 'encapsulants' such as SiaN* or Si02 [3.6 - 3,143 and 
annealing in a phosphine (PH3) ambient [3.15 - 3.183,
The way in which an unprotected InP surface decomposes during furnace 
annealing has been studied by several authors [3.3, 3.4, 3.16, 3.17, 3,193. 
Following anneals of between 400 and 450X  for 30 minutes, fine indium 
droplets are observed. These gradually coalesce into larger drops as the 
annealing temperature is raised to 600°C, where they begin to form 'etch
pits' on the InP surface. These etch pits are bounded by -dll) and <1001
planes on their edges and have bases parallel to the wafer surface. The 
size of the etch pits increases as the annealing temperature is raised 
further. Auger and X-ray microprobe studies indicate that the etch pit 
bases are indium-rich [3.16, 3.193.
One way of reducing or preventing thermal degradation during post­
implant annealing might be to use rapid thermal cycles instead of furnace 
annealing. The RTA would only expose the InP substrate to high
temperatures far short periods of time and thus minimise the time
available for decomposition to occur.
When the present work commenced, InP surface degradation had only been 
studied for furnace annealing conditions and the only form of surface 
protection that had been reported for rapid thermal annealing of InP was
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dielectric encapsulation [3.121, One of the aims of this project was 
therefore to observe the InP surface degradation that occurred during RTA 
cycles and to explore different ways of protecting the InP surface. 
During the course of the experimental work reported below, several 
reports of RTA of InP have appeared in the literature:
'Proximity\ or 'close contact' rapid thermal annealing (RTA) of InP has 
been reported to yield large variations in electrical data [3.201, surface 
type conversion effects [3,213 and visible surface defects above 800'C 
[3.223. Rapid thermal annealing under an 'enhanced' phosphorous 
overpressure from a red phosphorous source has only very recently been 
demonstrated [3.233 and there are only two reports In the literature of 
RTA in a PH3 ambient [3.24, 3.253, RTA of InP protected by a SislLi or S102 
dielectric has been shown to yield variable electrical results and surface 
damage at temperatures between 700 and 800°C [3.12, 3.133.
3.2.1 Results of rapid thermal annealing of unprotected InP
Figure 3.1 shows several characteristic X-ray spectra taken from a 
typical mercury implanted InP sample following post-implant annealing 
without an encapsulant at 800 °C for 60 seconds. As may be seen from an 
SEM micrograph of this sample (Fig. 3.2), large rectangular etch pits 
were formed. These appear to be similar to those observed by other 
workers for surface degradation of InP during furnace annealing C3.3, 3.4, 
3.16, 3.173. X-ray analysis of the near-surface region reveals that the 
etch pit centres are extremely indium-rich (Fig. 3.1 (c)), when compared 
to the signal arising from an 'undamaged' portion of the sample (Fig. 3.1 
(b)). 'Finely damaged' areas surrounding the etch pits show intermediate 
indium concentrations. Some traces of cross-contamination from GaAs
samples annealed by other users in the same furnace were also seen 
within the etch pits of this unprotected sample.
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3.2.2 Annealing using an. IIP^ nhaiigg*L^ faQgphQr.Qus osiecpEgssm^
This method of surface protection has been reported to be successful in 
preventing the surface degradation of silicon Implanted InP [3.53 during 
post-implant annealing at 750 °C for 15 minutes but has not been 
demonstrated for rapid thermal annealing. Recent studies indicate that 
tin contamination of the InP may give rise to spurious n-type activity 
[3.263.
This work set out to study the suitability of the ITP method as a form of 
surface protection during rapid thermal annealing of acceptor implants in 
InP, to observe if tin contamination occurred and if it did, what effect 
it had upon the results obtained.
a) Results using the ITP surface protection technique
Various implanted and unimplanted InP samples were annealed at 
temperatures of 500-800 X  for times between 30 and 120 seconds using the 
'overpressure' arrangement described above (chapter 2). Nomarski 
microscopy, scanning electron microscopy (SEM), X-ray microprobe 
analysis, RBS, PL and Hall effect measurement were used to follow 
changes in the structure of the surface and to assess the electrical 
nature of the InP after annealing.
From Nomarski microscopy it was seen that unimplanted InP annealed in 
this way only began to show signs of degradation at temperatures of 
about 750X. Implanted material began to visibly decompose at about 
700 X, etch pit formation generally beginning near sample edges and the 
size and density of etch pits then increasing as the annealing 
temperature was raised.
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FIGURE 3.2 : SEM micrograph o f InP implanted with 100 keV, 1015 mercury ion s. c m 2 at room  
temperature and subsequently annealed without an encapsulant at 8008 C for 60 
seconds.
FIGURE 3.3 : SEM micrograph o f InP implanted with 100 keV, 1015 mercury ions.cm 2 at room  
temperature and subsequently annealed using the ITP technique at 8008C for 60 
seconds.
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A typical SEK micrograph from a mercury implanted sample annealed in 
this manner at 800'C for 60 seconds is shown in Fig. 3.3. As can be 
seen, etch pits farmed under these annealing conditions are square rather 
than rectangular in shape as was seen for the unprotected InP (Fig. 3.2). 
Less degraded samples showed small circular depressions prior to etch 
pit formation.
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X-ray spectra taken from an 'undamaged* region, and an etch pit centre in 
the ITP annealed sample clearly show that the etch pit bases were again 
indium-rich (Fig. 3.4 (a) & (b)>. Subtraction of the X-ray signal due to 
indium alone revealed that there was a considerable quantity of tin 
present within the etch pits (Fig. 3.4 (c)). Photoluminescence (PL) data 
(shown in section 3.4 below) indicated that high quantities of tin 
(~5xl0‘8 cm-3) might be present in some regions of the degraded surface.
As well as visual observation and X-ray analysis, the crystalline 'damage 
parameter* X'*1" obtained from RBS measurements was used to monitor 
changes in the crystallinlty of both unimplanted and implanted InP during 
overpressure annealing. The variation of x^1" with annealing temperature 
and time are shown below (Figs. 3.5 & 3.6) for both unimplanted and 
mercury Implanted material. A more detailed study of the introduction 
and removal of implantation damage is presented in section 3.3 below.
As can be seen from Fig. 3.5, it is apparently possible to remove the 
damage introduced during room temperature implantation of 100 keV, 101S 
mercury ions.cm-2 by performing ITP overpressure anneals at 700*0 for 60 
seconds. If the annealing temperature is raised to 725*C, the x<*in value 
of the implanted InP increases, indicating that gross decomposition of 
the implanted surface has begun. Unimplanted InP only begins to show an 
increase in Xm‘" ai: about 750*0. Annealing up to 800 °C results in a 
further increase of the damage parameter for both types of surface, with 
implanted layers always exhibiting greater decomposition than unimplanted 
ones. These results show that such x«“" measurements are not sensitive to 
the Initial stages of decomposition, which were observed on the same 
implanted samples at temperatures of about 700*0 by optical microscopy.
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FIGURE 3.5 : Variation of the ‘damage parameter' x<"in with temperature
for (%) unimplanted InP and (O) InP implanted with 100  keV,
1 0 1 5 mercury ions, c m a t  room temperature. All anneals were 
of 60 seconds duration.
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FIGURE 3.6 : Variation of the *damage parameter* with annealing
time for IIP anneals at 60Q*C for (9) unimplanted InP and 
(q) InP implanted with with 100 keV, 10's mercury 
ions. cm~2 at room temperature. Also shown are values for 
two similarly implanted samples ITP annealed at 700’C.
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When changes in x«ln are correlated to annealing time (Fig. 3.6), it 
becomes clear that an annealing cycle of 600 °C for 60 seconds will almost 
restore the value of Xrai" *as grown' value. Anneals at this
temperature for times of up to 180 seconds duration do not appear to
significantly change XKt" further although microscopic examination did 
reveal the first stages of decomposition around the sample edges after 
about 120 seconds. It may also be seen that 700°C anneals do not show 
gross decomposition even after 90 seconds.
ITF overpressure annealing was performed on InP implanted with
magnesium, zinc and mercury. Hall effect measurements showed that for 
all three species, the implanted material was highly resistive following 
30-120 second anneals at about 650X. Upon increasing the annealing 
temperature to 700 X, n-type activity was observed which showed no
appreciable trends with annealing temperature or time. Chemical 
stripping indicated that the deepest of these n-type layers had a 
thickness of approximately 200 nm, with electron concentrations In the 
region of lO^-lO' 9 cm-3. A typical profile is shown in figure 3,7.
3.2.3 Annealing of  InP under s il i con-based encaps.uJlap.ts
a) Requirements, of dielectrics__use&_as_ annealing encapsulants
As mentioned above, the majority of both acceptor and donor implants into 
InP have been annealed using SI3N4, SiQ2 or phosphasilicate glass to
protect the surface [3.6-3.143. The reasons for choosing these particular
dielectrics as encapsulants are largely historical: SI3N 4 , Si02 and As-
rich glass layers had already been used for a number of years to protect 
the surface of GaAs during post-implant annealing and the equipment 
required to deposit such layers was therefore readily available when
research on InP commenced. How close do these films actually come to
being 'ideal' encapsulants for InP ?
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FIGURE 3.7 : n~type carrier concentration seen in InP implanted with 
800 keV, 10'“cm'2 mercury ions.cm~2 at room temperature, 
following ITP annealing at 800°C for 15 sec.
An 'ideal' thin film encapsulant must exhibit several stringent and 
possibly conflicting properties:
i) it should be deposited at temperatures below those at which the 
substrate undergoes thermal decomposition;
ii) it should not interact chemically with the substrate, nor should 
film constituents diffuse into the substrate;
iii) it should prevent outdiffusion of both host and implanted 
atoms from the substrate during the anneal;
iv) it should not stress the substrate at either room temperature 
or during annealing because of intrinsic stresses or thermal 
expansion differences;
v) it should adhere well to the substrate, be free from structural 
defects such as pinholes and remain intact during annealing.
A summary of published data for the more commonly used silicon-based 
encapsulants on InP is presented in table 3.1 below. This shows that 
there have been a wide range of deposition conditions used and a
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PHYSICAL
PROPERTY
PSG Si02 SlaNd
DEPOSITION 
TEMP CC)
250-450°
13,7,
330-500° 
3.13, 3.27-3.313
200-600°
INDIFFUSION?
Silicon Silicon 
[3.7, 3.14, 3.293
Silicon
O0TDIFFUSION?
Implanted Be* 
Indium
Indium
Phosphorous
Indium
Phosphorous
C3.7, 3.10 3.14, 3,28, 3.29, 3.313
THERMAL EXP.
CGEFF. 
(xlO-6K-1)
Match InP 
at approp­
riate P %*
0.5
[3.32-3.353
1.2-3.2
FAILURE 
TEMP CC>
800-820° 650-850°
13.10, 3.13, 3.29-3.313
700-840°
TABLE 3.1 : Summary of the reported data for PSG, Si02 and Si3lTj 
dielectrics on InP 
*(The thermal expansion coefficient of InP is 4.5xl0~e K~’ £3.331.)
correspondingly wide range of annealing temperatures over which the
deposited films have been seen to remain intact. Indiffusion of silicon
has been reported for furnace annealing of InP encapsulated with PSG,
Si02 and SiaNd. Outdiffusion of implanted beryllium and both indium and
phosphorous has also been seen for all three encapsulants. It is also
probable that stresses due to thermal expansion coefficient mismatch will
be set up between encapsulant and substrate when Si02 and SiaNd are used
to protect InP. The extent and nature (compressive or tensile) of these
stresses will depend upon parameters such as the state of the
semiconductor surface, the film deposition conditions, the annealing cycle
used and the film thickness, to mention but a few. Allowing for
differences in the quality of the various encapsulants and errors in the
quoted values of annealing temperatures, it is clear that none of these
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dielectrics is suitable as a protective layer during furnace annealing of 
InP above about 800'C. This is comparable to the reported upper limit 
for rapid thermal annealing under Si02 or SiaNfe [3.12, 3.133.
b) PreYiaus^ LjnplmictMiQn and annealing studies using Si-baaed 
encapsu1ants
As discussed in chapter 1, several anomalous effects have been seen 
during electrical characterisation of beryllium, magnesium and zinc 
implants in InP [3.6, 3.8, 3.363. These include p-type sheet values which 
depend upon the implantation temperature and dose, depleted hole 
concentrations in the near-surface region and reductions in the
percentage sheet electrical activity as the annealing temperature is 
increased. It is significant that room temperature implants of magnesium 
and mercury do not generally show these effects when annealed under PHa 
rather than silicon-based encapsulants [3.15, 3,183.
Studies have also been made of the electrical properties obtained
following implantation of * inert ^  ions such as neon, argon, and krypton 
into InP [3,6-3.93. Room temperature implants of neon do not show any 
electrical activity following furnace annealing at 750 X  far 15 minutes 
under PSG but yield n-type layers approximately 50 nm thick when 
annealed at 730X  under sputter deposited Si02. Implants of argon and 
krypton furnace annealed under PSG or SialL at temperatures between 700 
and 900 X  for 15 minutes or more, generally give rise to n-type surface 
layers (N * 10,e-10’9 cm-3) between 20 and 200 nm deep. The degree of 
n-type activity was found to increase with increasing implant dose and 
decrease when the implantation temperature was raised. In most cases
this behaviour was attributed to the presence of varying amounts of
'residual implantation damage* remaining within the InP following post-
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-implant annealing [3.6, 3.8], although one report did suggest that
indiffusion of silicon from the encapsulant might be the cause [3.73.
The purpose of the present work was therefore threefold; to examine the 
way in which Si3N4 and similar Si-based encapsulants behave when used to 
protect the surface of InP during rapid thermal annealing rather than 
furnace annealing; to see whether reproducible p-type activity may be 
obtained following acceptor implants into InP annealed using a 
combination of RTA and these encapsulants or derivatives developed during 
the course of the work; and to clarify whether indiffusion of silicon or 
implantation damage (or some combination of both) was the cause of the 
anomalous p-type results and n-type layers previously reported.
c) SEM and elest-rlGal. results following rapid thermal annealing under 
sill connbased^  encapsu 1 ants
Initially, InP substrates implanted with magnesium, zinc or mercury at
room temperature were encapsulated with one of the dielectrics PSG, Si02
or Si3N4 as discussed in chapter 2. They were then subjected to rapid
thermal annealing cycles in the double graphite strip heater. These lasted
60 seconds and were performed at temperatures between 650 and 800 *C.
Nomarski microscopy, SEM and Hall effect measurements were used to
characterise the InP surfaces and electrical properties,
It was seen by optical microscopy that long thin cracks began to form in 
PSG and Si02 at annealing temperatures of between 700° and 800 X, but 
that Si3N4 formed pinholes and subsequently suffered catastrophic 
cracking at temperatures of 650°C upwards. An SEM micrograph of a 
mercury implanted sample annealed under the PSG encapsulant at 800 X  for 
60 seconds is shown in figure 3.8, Excessive damage to the InP surface 
can be seen clearly.
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FIGURE 3.8 : SEM micrograph o f InP implanted with 100 keV, 10u mercury ions.cm 2 at 200°C  
and subsequently annealed under PSG at 80OPC for 60 seconds.
2HM 20KV 08 012 S
FIGURE 3.9 : SEM micrograph o f InP implanted with 100 keV, 1014 mercury ions.cm 2 at 200°C  
and subsequently annealed under the dua l' encapsulant at 83 (PC for 60 seconds.
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The 'failure temperature' and trends observed In the electrical data 
following RTA under the three dielectrics are summarised in table 3.2 
below.
IMPLANT CONDITIONS ANNEALING TEMPERATURE CC)
ION DOSE ENERGY TEMP. CAP 650* 700 750° 800*
(cur2) (keV) (*C)
Hg+ 10>4 100 RT PSG n-type F ---- --
Hg+ 1Q14 100 200 PSG HR HR HR F
Hg* 10 ’4 400 RT Si02 HR HR HR F
Hg+ 1013 400 RT Si02 HR HR HR F
Hg+ 10,s 100 RT Si3N4 n-type F ----- --
Hg* 101S 100 200 Si3N4 HR HR F --
Mg* 10’3 50 RT Si3N4 n-type F -- --
Zn* 101S 50 RT Si3N4 n-type F -- --
TABLE 3.2 : Failure temperature and trends in electrical data for 
implanted InP annealed under PSG, SIO2 or SI3N4 for 60 
seconds.
F=* "failed", indicating the failure temperature of the encapsulant 
under the given conditions; HR=> "highly resistive01, the sheet 
resistivity was greater than about 107 £/j—j .
Numerous samples implanted with magnesium, zinc or mercury at room 
temperature gave n-type electrical activity following RTA at temperatures 
up to 700°C under PSG or SI3N4 encapsulants. Differential etching did 
not yield any reliable depth profiles for this n-type conduction but 
indicated that these layers never extended to more than lOOnm in depth. 
Sheet resistivities varied from 6 to 8000 0/Q , with sheet mobilities of 
3000-440 cm2/V.s and sheet carrier concentrations of 1012-10’3 cm-2. Such 
n-type behaviour was never observed for Si02 encapsulated samples or 
'Hot' implants of mercury when annealed under PSG and SisN4.
Fallowing the failure to observe p-type activity using these 
encapsulating layers, it was decided to employ a 'dual' encapsulant 
consisting of 20-40 nm of CVD SisN4 followed by 100 nm of evaporated
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AIN (see section 2.5 above). This had previously been shown to give
superior performance to SiaNd alone when used to protect GaAs during 
post-implant annealing [3.373.
This 'dual* encapsulant was found remain intact when used to protect InP 
up to annealing temperatures of about 850 °C for 60 seconds. It appeared 
to fail by forming pinholes which subsequently grew into isolated etch 
pits. A typical good quality annealed surface is shown in figure 3.9
above.
Electrical results obtained using the 'dual' encapsulant were extremely 
interesting, with room temperature implants of magnesium, zinc and 
mercury remaining semi-insulating (highly resistive) for high energy 
implants whilst low energy zinc implants and 200 °C implants of mercury 
were p-type. The best p-type values obtained for 50 keV zinc implants 
were ps = 3300 G/CJ, p* = 98 cm2/V.s and 50% electrical activity. These 
were achieved at an annealing temperature of 750 °C. Annealing at higher 
temperatures resulted in a significant reduction in the sheet carrier 
concentration. The mercury Implants are discussed more fully below.
IMPLANT CONDITIONS ANNEALING TEMPERATURE
ION DOSE ENERGY TEMP. 650° 700° 750° 800° 850 ° 900°
(cm-2) (keV) r o
Mg* o <n 100 RT HR HR HR HR F --
Zn* 5xl014 50 RT --  -- p-type p-type F --
Zn* 2xl014 300 RT --  -- HR HR F --
Hg+ 1014 100 RT --  -- HR HR n-type n-type
Hg* IQ!* 100 200 --  -- p-type p-type p-type p-type
Hg+ 10,s 100 200 --  p-type -- p-type -- “- |
TABLE 3.3 : Failure temperature and trends in electrical data for 
implanted InP annealed the SIsWa/AIE *dual cap' for 60 
seconds.
F=i "failed", indicating the failure temperature of the encapsulant 
under the given conditions; HS^ J ”highly resistive", the sheet 
resistivity was greater than about 107
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The p-type sheet carrier concentrations obtained following mercury 
implantation were found to decrease with time for isothermal anneals 
performed at 800°C (Fig. 3.10), whilst 60 second isochronal anneals 
indicated that the saturation value of the electrical activity might be 
expected to be in the region of 35% for this 1014 cm-2 implant (Figure 
3.11).
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FIGURE 3.10 : Percentage sheet electrical activity as a function of 
annealing time for InP implanted with 100 keV, 1014 
mercury ions, cm*2 at 200 “C and annealed under the 'dual1 
encapsulant at 800’C.
Carrier depth profiles (Fig. 3.12) showed marked indiffusion of the 
activated mercury compared to a theoretical implant profile derived from 
the projected range algorithm (PRAL) [3.39], The extent of this 
indiffusion seemed to depend upon the anneal condition used, rather than 
ion dose, with 1014 cm-2 and 10IB cm-2 implants yielding similar hole 
concentrations.
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FIGURE 3.11 : Percentage sheet electrical activity as a function of 
annealing temperature for InP implanted with 100 keV, 
10’4 mercury ions.cm~2 at 200 'C and annealed under the 
'dual * encapsulant for 60 seconds.
For the 1x10*4 cm-2 implants, the p-type activity observed ranged from 
10-28% of the implant dose, mobilities were typically in the range 100- 
150 cm2/V.s and sheet resistivities rose from 2000 to 12000 Q/Q as the 
annealing temperature was raised. Typical volume hole concentrations 
were about 8x1 O’7 cm-3,
d) Studies of Si-lndlffusion during RTA of InP protected by the ?jluaLl. 
encapsulant
SIMS was used to obtain silicon profiles from InP samples which had been 
implanted with 50 keV, 1016 magnesium ions.cm"2 at room temperature and 
subsequently annealed at 750 °C for 60 seconds. Encapsulation alone did 
not introduce significant levels of silicon (Fig. 3.13).
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FIGURE 3.12 : Carrier depth profiles for InP implanted with 100 keV 
mercury ions as follows: (&) 1x10'6 cm~2 annealed at 
800 "C for 60 sec, 0 9  1x1014 cm~2 annealed at 750 “C for
60 sec, (a) IxlO’4 cm~2 annealed at.,800'C for 180 sec. 
All implants were 100 keV and annealed using the *dual 
encapsulant for protection. A theoretical "as- 
implanted* PRAL profile corresponding to 10’4 mercury 
ions.cm~2 at 100 keV is also shown.
Samples implanted with either 50 or 300 keV zinc were also profiled by 
SIMS. It was seen (Fig. 3.14) that much more i-ndiffusion of silicon 
occurred during RTA of the 300keV implants at 750 °C than for the 
similarly annealed 50 keV implants. As far the magnesium implants above, 
encapsulation alone did not introduce significant silicon.
The presence of silicon was also observed in InF which had been 
implanted with 100 keV, 1014 mercury ions .cm-2 at 200 °C or room 
temperature and then annealed at 800 °C under the 'dual' encapsulant. 
Silicon indiffusion was insignificant for the ’hot' implant, but 
substantial for InP implanted with mercury at room temperature (Fig.
3.15),
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1.13 : SIMS silicon depth profiles in InP implanted with 50
keV, 1 O's magnesium ions. cm~2, following: i) *dual *
encapsulation alone ('*••••9; ii) subsequent RTA at 
750“C for 60 seconds (-— ).
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.14 : SIMS silicon depth profiles in InP implanted with two
different zinc implant conditions and annealed under 
the *dual' encapsulant at 750*C for 60 seconds.
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FIGURE 3.15 : SIMS silicon depth profiles in InP implanted with 100
keV, 10’4 mercury ions.cm~2 at 200 'C or room 
temperature. Both samples were protected using the 
1dual' encapsulant and annealed at 800*C for 60 
seconds.
Comparison of these results with those of table 3.3 clearly suggests that 
the presence of silicon in implanted InP following RTA may be at least 
part of the reason for the electrical trends observed above.
In order to clarify the relationship between the indiffusion of silicon 
and the above electrical results, it was decided to Implant an 'inert' 
species into InP, and compare the electrical data and SIMS profiles for 
both implanted and unimplanted material following RTA under the 'dual' 
encapsulant. The effects of residual implantation damage alone were also 
studied by processing unimplanted and implanted InP in the same manner 
but without any encapsulant.
An iron doped semi-insulating InP wafer was divided into four pieces. 
Two portions were subjected to a 'damaging' implant of 200 keV, 1014
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xenon ions .cm-2 at room temperature, then one implanted and one 
unimplanted piece were protected with the ’dual* encapsulant. Samples cut 
from all four segments of the wafer were then subjected to rapid thermal 
annealing cycles of 60 seconds duration at temperatures of 650-900oC. 
Secondary ion mass spectrometry (SIMS) was used to obtain profiles of 
silicon in the near-surface regions of the encapsulated samples and Hall 
effect measurements were made on all samples to determine whether any n- 
type activity was present. The electrical results obtained are shown in 
table 3.4 below.
Where samples are shown as merely 'conducting', this is because carrier 
type was not established due to poor contact performance making the Hall 
method of measurement inaccurate. Samples that were annealed without an 
encapsulant underwent thermal decomposition above 800 “C and consequently 
it was impassible to measure them.
There appears to be some residual electrical activity due to the 
implantation process alone, which is removed following annealing at 750*0 
without any encapsulant. The most significant result, however, is that 
the damaged and encapsulated InP became highly n-type when it was
annealed at temperatures of 700 *C and above, whilst the undamaged but 
similarly processed material only began to show signs of electrical 
activity following a 900*0 anneal.
These n-type layers were characterised by chemical stripping and found 
to be 800A ± 300A thick in all cases, with average electron
concentrations of approximately 10'6 cm-3. The n~type layer thickness did
not show any appreciable trend with annealing temperature and there was
considerable scatter in the n-type sheet carrier concentrations. Sheet
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mobilities were extremely low for n-type material, being typically 94-665 
cnr2/V.s and sheet resistivities were in the range 600-3000 Q/f~|.
SUBSTRATE
CONDITION
“T ... ...
NO
ANNEAL 650° 700°
ANNEAL
750°
TEMPERATURE
800° 850° 900°
UNDAMAGED 
NO CAP
HR HR HR HR HR -DECOMPOSED-
UNDAMAGED 
DUAL CAP
HR ----- HR HR HR HR C
DAMAGED 
NO CAP
----- C C HR HR -DECOMPOSED-
DAMAGED 
DUAL CAP
HR C n-type n-type n-type n--type n-type
TABLE 3.4 : Summary of electrical data showing that n-type electrical 
activity is only seen for InP which has been damaged by 
inert ion implantation and subsequently annealed under a 
SIsFa/AIE encapsulant.
(C=* "conducting", meaning that electrical conduction was seen by the 
4-point probe method, but that the sheet resistivity was too high for 
Hall effect measurements to determine carrier type. HR=P "Highly 
resistive", the sheet resistivity was greater than about 107 £ / □  .
The damaging implant was 200 keV, 10'4 Xe* ions cm~2, all anneals were 
for 60 seconds.
SIMS profiles of silicon concentration versus depth are shpwn in figures 
3.16 and 3.17. The results for unimplanted InP indicate that there is no 
significant indtffusion of silicon from the SUN a/K W  film following 
encapsulation alone, or after subsequent annealing at 700 and 800°C (Fig.
3.16). The apparent silicon surface peaks are artefacts of the SIMS 
technique and the detected silicon signal reaches its background level of 
5xl0,s-10,s cm-3 within lOOnm of the surface.
Xenon implanted InP (Fig. 3.17) shows little indiffusion of silicon 
following deposition of the encapsulant but clear evidence for indiffusion 
following subsequent RTA at 700 and 800 X. It is interesting to note
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FIGURE 3.16 : SIMS silicon depth profiles in unimplanted InP following 
SIsRj/AIR encapsulation and RTA for 60 seconds at 700 
and 800‘C.
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FIGURE 3.17 : SIMS silicon depth profiles in InP implanted with 10'4 
xenon ions, cm'2 at 200 keV and RT. The samples were encapsulated with 
SiaMj/AlM and annealed at 700 or 800 "C for 60 seconds. Also shown are 
electrical data points obtained by chemical profiling of a sanqple that 
had been annealed at 750* for 60 seconds.
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that the extent of the observed indiffusian is apparently less for the 
800 "C anneal than the 700 °C anneal. The SIMS results are in general 
agreement with the electrical carrier profiling results above and carrier 
concentration values obtained following chemical profiling of a sample 
annealed at 750°C for 60 seconds are also shown in figure 3.17. The 
amount of indiffusion seen after a given annealing cycle seems to depend 
upon the relative rates of implantation damage removal and silicon 
indiffusion under those conditions. An apparently higher ‘background1 
level of silicon was detected for the damaged samples, this is thought to 
be due to 'knock on' effects associated with the higher silicon 
concentration in the near surface region.
3.2.4 Annealing of-IaP using.JPHa overpressure 
a) Previous . .studies .of phosphine. annealing
Some of the earliest reported implantation results in InP were obtained 
using a PH3 ambient to prevent thermal decomposition during post-implant 
annealing of magnesium implants [3.15] but there have been only two 
subsequent reports of this type of anneal: furnace annealing of mercury 
implants [3.18] and RTA of beryllium implants [3.24].
For these acceptor implants, p-type activity was obtained without any of 
the anomalous effects reported by other workers using silicon based 
encapsulants, although the recent study of beryllium implants [3.24] did 
suggest that significant outdiffusion of the implanted species may occur 
when InP is annealed in this manner.
It was therefore decided to study the RTA of room temperature zinc and 
200"C mercury implants, in order to compare the effects of this technique 
on InP that had an amorphous layer present, to that which did not and
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observe if dopant loss occurred for these species as well. The results 
were also compared to those obtained from identically implanted InP 
annealed under the 'dual' encapsulant.
b) Results of RTA using PHa overpressure
Samples cut from InP pieces that had been implanted with 300 keV, 10'4 
zinc ions .cm"2, at room temperature or 100 keV, 10*4 mercury ions .cm-2, at 
200*0 were subjected to RTA in a phosphine ambient as described in 
chapter 2 above. The anneals were of 60 seconds duration and 
temperatures from 700 to 850*0 were used. One zinc implanted sample was 
annealed at 700*0 for 10 minutes. The samples were then examined using 
PL, RBS and SIMS. Some samples were also characterised electrically. 
The use of PHs to protect the InP resulted in there being no surface 
decomposition visible to the naked eye even after the most extreme 
annealing conditions, although a faint 'haze' was seen on the room 
temperature implanted samples. This was never present on ’hat' implanted 
material whatever the annealing condition. It has been attributed by 
other workers to the formation of a thick oxide when a 'highly reactive' 
as-implanted amorphous InP surface is exposed to air after bombardment. 
They suggest that this is subsequently mixed into the sample surface 
during RTA E3.393.
The SEM micrograph in figure 3.18 below shows that very fine surface 
irregularities are just visible following RTA at 700 °C for 60 seconds of 
the InP implanted with zinc at room temperature. This irregularity, or 
'surface texture' becomes significant following annealing at 800*0 for
the same time (Fig. 3.19). These features are believed to be responsible 
for the 'haze' observed on the room temperature implants above, as 
similarly annealed 200*0 implanted samples did not show any significant 
surface structure at the same magnification. RBS and PL results
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FIGURE 3.18 : SEM micrograph o f InP implanted with 300 keV, 2x1014 zinc ions.cm 2 at room  
temperature and subsequently annealed in phosphine at 70CPC for 60 seconds.
FIGURE 3.19 : SEM micrograph o f InP implanted with 300 keV, 2x1014 zinc ions.cm 2 at room  
temperature and subsequently annealed in phosphine at 800PC for 60 seconds
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discussed in sections 3.3.2 and 3.5.3 below show that the zinc implants 
have not regained their 'as received' crystalline structure even after the 
800 °C anneals. Despite this, Hall measurements indicated p-type activity 
for this annealing condition, with pB=8000 ft/Q , pa=44 cm2/V.s and an 
electrical activity of 30%.
3.3 Rutherford backscatterlng (RBS) studies of the re moval_gjLJj2n 
lmplan±atinn_.dama&e in._Jj(£..„using rapid ..thermal annealing.
It has been shown for implants into silicon that the formation of an 
amorphous layer during ion implantation results in low temperature solid 
phase epitaxy during post-implant annealing. This type of crystalline 
regrowth gives electrical activation of the implanted species at 
annealing temperatures which are significantly lower .than those required 
when an amorphous layer is not formed C3.401. A similar reduction of the 
annealing temperature for the case of InP would be extremely attractive 
in view of the problems of thermal degradation previously discussed.
RBS studies of the regrowth of damage caused by donor implants such as 
silicon and selenium [3.12, 3.30, 3.41-3.44] have however shown that InP 
does not regrow in the same manner as silicon for both furnace annealing 
and rapid thermal annealing cycles. The major difference is that there 
appears to be an upper limit on the amorphous layer thickness that can 
be regrown at any given annealing temperature. Furnace anneals of the 
acceptor species magnesium and zinc have also been studied by RBS [3.8], 
indicating the same annealing trends as the donor implants.
It was therefore decided to study the regrowth of amorphous layers in InP 
under rapid thermal annealing conditions and compare the results to those 
found by the above workers for furnace anneals; to extend the previous
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investigations of the regrowth of implantation damage caused by room 
temperature implants of magnesium and zinc; to investigate for the first 
time the damage created by room temperature and 200 °C mercury ion 
implantation; and to determine whether the presence of an amorphous 
layer is an advantage or disadvantage in InP for these annealing 
conditions. The redistribution of implanted mercury was also studied by 
RBS, the results are presented in section 3.6.3 below.
3.3.1 Effect of beam damage upcmrtresulta
An experiment was performed in order to ascertain whether or not the 
effects of damage caused by the analysing helium beam had a significant 
effect upon the channelling results obtained. An 8 nA beam was used, and 
a channelling spectrum obtained from a piece of 'as received' InP in the 
usual manner (chapter 2). This gave the spectrum A below (Fig. 3,20).
FIGURE 3.20 : Channelling and random RBS spectra showing the effects
of beam damage upon the observed dechannelling rate. 
Total doses were as shown in table 3 .5
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The beam current was then increased to 80 nA without moving the sample 
and held at this level for 10 minutes, after which time the beam current 
was reduced to 8 nA and another channelling spectrum taken from the same 
spot. This gave spectrum B. The procedure was repeated after the 80 nA 
beam had been held on the same spot for a further 30 minutes, giving 
spectrum C. As can be seen, the dechanneling rate increased following 
prolonged exposure of the same spot to the beam. This indicates that in 
order to avoid errors due to beam damage, the sample must be exposed to 
the beam for the minimum time possible. A summary of this experiment is 
shown in table 3.5. When taking the channelling spectra shown in the 
rest of this chapter, the channelling orientation was first obtained and 
then the sample was moved so that the actual spectrum was recorded from 
a fresh region of the sample surface. For the range of total collected 
charge used in the present channelling work (2-5 pC), the effect of beam 
damage upon the value of x«'*n is insignificant.
Spectrum Conditions Total Charge 
(pC)
Total Dose 
(cur2)
Xmln
(%)
A 4 rain, 8nA 1.9 1.51xl0’5 4
B As A, plus 
10 mln, 80 nA
49,9 3. 97xl0’6 6
C As B, plus 
30 mln, 80 nA
145.9 1. 16xl017 8
TABLE 3.5 Summary of beam damage experiment results.
3.3.2 Regr.Qwth_Qf.damage caused by room temperature Jiagaesium_impLlajhts
The difference that a change in implant dose makes to the level of 
implantation damage can be clearly seen in figure 3.21. Here, 50 keV 
magnesium was implanted to doses of 1013 cm-2 and 10,s cm-2 and ITP 
annealed at 700*C for 90 seconds. The higher implant dose has formed an
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amorphous layer approximately 125 nm thick, whilst the low dose has 
introduced very little damage visible to RBS. Rapid thermal annealing 
has significantly reduced the damage for the 10,B cm-2 implant but has 
not restored it to the 'as-grown* level, whereas the low dose implant has 
been completely regrown. This can be seen by comparing this spectrum 
with the 'as grown' channelling spectrum in figure 3.22 below,
FIGURE 3.21 : RBS spectra for InP implanted with 50 keV magnesium ions 
to doses of 10’5 cm~2 or 10’3 cm~2 at RT. Spectra 1 & 3 
show the damage caused by the respective implants before 
annealing, and spectra 2 & 4 show the damage remaining 
after ITP anneals at 700 mC for 90 seconds. A random 
spectrum (R) is also shown.
Similar regrowth behaviour can be seen for 5xl014 cm-2 magnesium implants 
into InP at 100 keV (Fig. 3,22), where an approximately 237 nm thick
amorphous layer gave rise to damage layers about 90 nm and 57 nm in
extent after ITP annealing at 650 and 750 *C for 60 seconds respectively. 
These results are in excellent agreement with those of a previous study
[3.8], which put the thickness of the as-implanted amorphous layer for
this implant condition at approximately 230 nm.
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FIGURE 3.22 : RBS spectra for InP Implanted with 100 keV magnesium
ions to a dose of 5x10’4 cm~2. The spectra show:
(1), the damage introduced by implantation; (2), the 
damage remaining after ITP annealing at 650 "C for 60 
seconds; (3), the damage remaining after ITP annealing 
at 750’C for 60 seconds. A channelling spectrum from 
an unimplanted 'as-grown' sample is also shown (G).
3.3.3 EegrQHtIi.-gf (IamagQ_caused J3y raojiL temperature zinc Implants 
The effect of implant energy upon amorphous layer thickness is shown in 
figure 3.23 for 2x10’4 cm-2 zinc implants over an energy range of 50-400 
keV. As can be seen, the depth of the amorphous layer increases from 
approximately 62 to 384 nm as the energy is increased.
Increasing the implant dose for a given implant energy will also increase
the extent of the amorphous layer as seen for the 50 keV zinc implants
shown in figure 3.24. This figure also shows that thin amorphous layers
are successfully regrown by ITP annealing at 650"C for 60 sec. Complete
regrowth was also seen for 750 and 800 °C anneals of 50 keV zinc implants
annealed under the 'dual' cap or in a PHs ambient.
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FIGURE 3.23 : Effect upon amorphous layer thickness when the energy of 
2x1014 cm~2 zinc Implants into InP is raised: (1), 400 
keV; (2), 300 keV; (3), 200 keV; (4)p 50 keV.
< i  t i  i i t t i  i i i i i i i ( « ( ( « (
FIGURE 3.24 : Amorphous layer formation and regrowth for 50 keV zinc
implants into InP: (1), 10,s cm~2 as implanted; (2), 2x1014 
cm~2 as implanted; (3,4), the respective implants after 
ITP annealing at 650 *C for 60 seconds.
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In figures 3,25-3.28, the regrowth of 2xl0’4 cm-2 zinc implants is 
examined for energies of 200, 300 and 400 keV. It is seen that the 
amount of residual damage following RTA is related to the thickness of 
the initial amorphous layer. This will be discussed more fully below. 
The 300 keV Implants were annealed using three different surface 
protection techniques; ITP annealing, anneals under the 'dual' cap and 
annealing in a PHa ambient. For these relatively thick amorphous layers, 
the method of surface protection used did not appear to significantly 
change the amount of regrowth observed following a given RTA cycle.
As can be seen from figure 3.25, 200 keV zinc implants do not fully 
regrow even after ITP annealing at 750 °C. Incomplete regrowth was also 
seen for the 300 and 400 keV implants (Figs. 3.25-3.28).
FIGURE 3.25 : Amorphous layer thickness and regrowth for InP implanted 
with 200 keV, 2x10’4 cm~2 zinc ions.cm~2 at RT: (1), as 
implanted; (2), as ITP annealed at 650“C for 60 seconds; 
(3), as ITP annealed at 750‘C for 60 seconds.
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FIGURE 3.26 : Amorphous layer thickness and ingrowth for InP implanted 
with 300 keV, 2x10’4 cm~2 zinc ions.cm~2 at RT: (1), as 
implanted or following RTA under the 'dual * cap for 60 
seconds at: (2), 750"C or (3) 800"C.
FIGURE 3.27 : Amorphous layer thickness and regrowth for InP implanted 
with 300 keV, 2x10’4 cm~2 zinc ions.cm~2 at RT, annealed 
in a phosphine ambient for 60 seconds at : (1), 700'C; 
(2), 750 *C; (3), 800 ’C.
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FIGURE 3.28 : Amorphous layer thickness and regrowth for InP implanted 
with 400 keV, 2x1014 cm~2 zinc ions, cm~2 at RT: (1), as 
implanted; (2), as ITP annealed at 650 *C for 60 seconds; 
(3), as ITP annealed at 750’C for 60 seconds.
3.3,4 Regrowth of damage, caused. by_r.gom temperature ■mercury_implants
Different amorphous layer thicknesses formed by implantation of 1013 
mercury ions cm-2 at 100 and 400 keV are shown in figure 3.29. The 
deposition of SisJL at about 600 *C is sufficient to regrow the 25 nm 
thick amorphous layer formed by the 100 keV implant, whilst the 130 nm 
thick layer resulting from the 400 keV implant has regrown following ITP 
annealing at 700°C for 60 seconds.
Regrowth of the amorphous layer resulting from room temperature 
implantation of 100 keV mercury ions is also shown in figure 3.30 for the 
10,s cm"2 case. As can be seen, ITP annealing at 700 °C for 90 seconds 
restores the crystal to its 'as-grown* condition.
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FIGURE 3.29 : Amorphous layer thickness and regrowth for InP implanted 
with 10’3 mercury ions.cm~2 at RT and an energy of :
(1), 400 keV and (2), 100 keV. (3) is the 400 keV 
implant following ITP annealing at 7009C for 60 seconds; 
(4) is the 100 keV implant after SlsEt deposition only.
with 10's mercury ions, cm~2 at RT and an energy of 100 
keV. Spectra are : (1), as implanted and (2)-(4), after 
ITP annealing at 500/120seconds, 600"C/120 seconds or 
7009C/90 seconds respectively.
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I3.3,5 SuLmmEy _jn£. da jafatalnad..fnr_tke..LgrMalJ,on and rggroHth-Qf.
aMarphous l ayers
The channelling spectra shown in figures 3.21-3.30 are summarised in 
figure 3.31, where the thickness of the residual disorder fallowing rapid 
thermal annealing is plotted against the thickness of the amorphous layer 
in the as-implanted samples. Also shown are results for which the 
complete spectra have not been presented above. For a given annealing 
temperature, there appears to be a characteristic linear relationship 
between the damage thickness after annealing and the thickness of the 
as-implanted layer. Such a relationship has been seen by many other 
workers fallowing furnace annealing of selenium and silicon implants into 
InP L3.42-3.443 and their results are indicated in figure 3,31.
In the present work, rapid thermal annealing at 750 X  for 60 seconds 
gives values of residual damage which lie close to this previously 
observed line of crystalline recovery seen by others fallowing 750 X  
furnace anneals of samples which were amorphous up to the crystal 
surface. The intercept of this line with the axis showing initial 
amorphous layer thickness suggests that 750°C, 60 second anneals will 
completely regrow amorphous layers which are up to 200 nm in extent. 
Similarly, 650X  anneals will apparently only regrow amorphous layers up 
to 100 nm in extent. It is very interesting to note that the present 
work using annealing times of between 30 and 120 seconds is in excellent 
agreement with the previous studies which used annealing times of between 
10 and 15 minutes. This suggests that the majority of the amorphous 
layer regrowth occurs during the early stages of annealing.
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FIGURE 3.31 : Summary of the results of RBS studies of amorphous layer 
thickness and residual damage thickness following 
different RTA cycles of several implant conditions:
(a) 1013, 100 keV Hg*, SUEa + 6009C/30 s, (h) 10’3, 100 
keV Hg*, SUEa only, (c) 10’4, 100 keV Hg*, SIsEa only,
(d) 10’5, 100 keV Hg*, 5009/120 s ITP, (e) 10’5, 100 keV
Hg*, 6009/120 s ITP, (f) 10’s, 100 keV Hg*, 7009/90 s
ITP, (g) 10’e, 100 keV Hg*, 3009/60 s ITP, <h) 2x10’4,
50 keV Zn*, 6509/60 s ITP, (1) 2x10’4, 50 keV Zn*,
7509/60 s ITP, (j) 10’s, 50 keV Zn*, 6509/60 s ITP,
(k) 10’s, 50 keV Zn*, 7509/60 s ITP, (1) 10’3, 400 keV 
Hg*, 6509/60 s ITP(m) 10ts, 50 keV Eg*, 700990 s ITP,
(n) 10,s, 50 keV In* 7009/60 s ITP, (o) 5x10’4, 100 keV
Mg*, 6509/60 s ITP, (p) 5x10’4, 100 keV Eg*, 7009/60 s
ITP, (q) 5x10’4, 100 keV Eg*, 7509/60 s ITP, (r) 2x10’4, 
200 keV Zn*, 6509/60 s ITP, (s) 2xl0’4, 200 keV Zn*,
7509/60 s ITP, (t) 2x10’4, 300 keV Zn*, 7509/60 s ITP,
(u) 2x10’4, 400 keV Zn*, 6509/60 s ITP, (v) 2xl0’4, 400
keV Zn* 7509/60 s ITP
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It has been shown that if InP is implanted at temperatures above 150 X, 
the formation of amorphous layers is avoided [3.473. Mercury implants 
were therefore performed at 200 X  in an attempt to reduce the levels of 
residual implantation damage present. In figure 3.32, a comparison is 
made between implants of 100 keV, 10'4 mercury ions.cm-2 made at room 
temperature and 200 X. No amorphous layer is observed for the 200°C 
implant whilst the thermal cycle necessary for Si3N4 deposition removes 
the majority of ion implantation damage for the room temperature implant.
A small damage peak was seen in RBS spectra obtained from InP which had 
been implanted with 100 keV, 10’5 or 1.3xl0,s mercury ions .cm-2 at 200 X. 
This regrew completely during annealing (Figs. 3.33 & 3.34). Redist­
ribution of the implanted mercury was also studied for these high doses 
using Rutherford backscatterlng and is reported below.
3.3.6 Studies of 20QX  Hg* implants
FIGURE 3.32 Comparison between 100 keV, 10’ 4 mercury ions. cm~2
implants made at: (1) room temperature and (2) 200"C. 
Also shown (3) is a RT implant which has regrown during 
SI3F4 encapsulation.
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FIGURE 3.33 : RBS channelling spectra showing (1) the small damage 
peak observed following 200~C implants of 100 keV, 10’ 
mercury ions, cm~2 into InP, (2) a piece of the same
sample after RTA at 700 mC for 60 seconds under the 
'dual1 encapsulant, (G) 'as grown".
FIGURE 3.34 : RBS channelling spectra showing: (1), the small damage 
peak observed following 200"C implants of 100 keV,
3x10’* mercury ions. cm~2; (2), following PSG deposition 
only, or following RTA under PSG for 60 seconds at:
(3), 700 •C; (4), 800'C.
- 90 -
3.4 Ekolaaluminesgsnce studies  nf i mplanted InP
The intensity of the photoluminescence emitted from a ’direct gap'
semiconductor such as InP is a sensitive measure of the crystalline
damage present in the material. This is because the presence of large 
numbers of crystalline defects can be expected to lead to non-radiative 
relaxation processes and 'quenching' of the photoeraission. Where 
luminescence is observed, the position and lineshape of the emission 
peaks can aid in identification of the impurities present and allow
estimates of the free-carrier concentration.
For this reason, PL has been used for many years to monitor the quality
of 'as grown' InP by 'fingerprinting' the presence of any defects or
impurities. More recently, processes such as ion-implantation of both 
acceptor and donor species [3.48-3.51], furnace annealing [3.52, 3.533 and 
rapid thermal annealing of silicon implants [3.23, 3.543 have been studied 
in InP using PL.
In the present work, photoluminescence has been used to study the changes 
that occur during rapid thermal annealing of InP implanted with mercury, 
zinc or xenon. Anneals were performed using the ITP technique, the 'dual' 
encapsulant, or a PH3 ambient for surface protection.
3.4.1 PL studies of room temperature mercury implants armeaJLedL .using 
the IIP..technique.
A typical PL spectrum obtained at 80IC from a piece of 'as grown' InP is
shown in figure 3.35 (a). The 'band edge* emission seen at 1.41eV has
been ascribed to both bound exciton and free-to-bound transitions whilst 
the peak at 1.38eV is associated with free-to-bound transitions involving 
the residual acceptor zinc [3.50, 3.553. The broad peak centred about
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1.06eV is reported, to be due to either a complex native defect of the 
form Vm-D* [3.523 or phosphorous vacancies [3.563.
Bombardment of this InP with lOOkeV, 1015 mercury ions .cm-2 at room 
temperature resulted in total 'quenching' of the PL spectrum and no 
photoemission. Subsequent RTA at 500°C for 120 seconds gave the PL
spectrum seen in fig. 3.35 (b), indicating the recovery of some
crystallinlty. Further annealing at 600° and 700 °C for 120 and 90 
seconds respectively (Fig. 3.35 (c) and (d)) apparently led to full
recovery of the original crystalline structure as previously Indicated by 
Rutherford backscattering (RBS) results (Figs. 3.6 and 3.30).
The photoluminescence observed from an unimplanted 'control' sample
following RTA is shown in figure 3.36(a). This spectrum indicates that
the use of ITP annealing alone does not Introduce any significant changes 
in the gross crystallinity or surface structure of InP up to temperatures 
of 700 °C for 60 seconds. This agrees with the results of optical 
microscopy and RBS data already discussed (Fig. 3.5), which suggested 
that thermal degradation was only seen if temperatures above about 700 *C 
were used.
PL data far an implanted sample annealed at 800°C for 60 seconds shows 
signs of this thermal degradation and supports the earlier X-ray data 
which suggested that there might be tin present within the degraded InP 
surface (Fig,3.36 (b)). Both 8OK - and 10K PL spectra were obtained and 
five peaks are clearly visible: an 'above band edge' emission centred at 
about 1.45eV; the 'band edge' at 1.41eV; the 'residual zinc acceptor* peak 
at 1.38eV; a small peak at about 1.33eV and a deeper peak centred at 
about 1.21eV. Following a subsequent 10 second etch of this sample in
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FIGURE 3. 35
a) Photoluminescence spectrum 
of 'as-grown' InP.
b) InP PL spectrum of 100 keV, 
10's mercury i ons. cm*2
Implanted at RT and ITP 
annealed at 500 “C for 120 
seconds.
c) InP PL spectrum of 100 keV, 
10,s mercury i ons. cm"2
implanted at RT and ITP 
annealed at 600 *C for 120 
seconds.
800 1000 , „  . 1200 1400
wavelength (nm) —-
d) InP PL spectrum of 100 keV, 
10,s mercury 1 ons. cm~2
implanted at RT and ITP 
annealed at 700~C for 90 
seconds.
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40% HF solution, the PL spectrum shown in figure 3.36 (c) was obtained in 
which it appears that the cause of the 1.21eV peak has been removed.
An 'above band edge' peak similar to that seen in figure 3.36(b) and (c) 
has been reported for InP that was highly doped (Nd-Na= 7 .1x10’® cm-3) with 
tin during growth [3.553. This PL result would therefore appear to 
confirm the X-ray microprobe studies discussed above, in which a tin peak 
was observed following analysis within an etch pit on this sample. The 
1.33eV peak has been Identified as being due to the presence of shallow 
acceptor levels introduced by doping with mercury [3.55, 3.573 and there 
exists substantial controversy in the literature over the nature of the 
defect (s) which gives rise to emission around 1.2eV: Early reports
suggest that phosphorous vacancies (VP) or interstitials (Pi) are 
responsible [3,553, whilst later authors conclude that the peak may be due 
to the Interaction of a pre-existing complex defect, Vm-D+, with donor 
impurities such as copper, manganese, and iron [3.52, 3.58, 3.593.
The above PL studies therefore appear to confirm the previous RBS data 
and correlate well with X-ray microprobe analysis. However, further 
studies of ITP annealed InP revealed that the extent of thermal 
decomposition can vary considerably across sample surfaces, with 
corresponding variations in the PL spectra observed (Fig. 3.37). As can 
be seen in figure 3.37(a), only the 'band edge' (1.41eV) and mercury 
(1.33eV) peaks are visible when a PL spectrum is taken near the centre of 
a sample implanted with mercury and ITP annealed at 600°C for 120 
seconds. Moving the analysed area to near the sample edge (Fig. 3.37
(b)), leads to the appearance of the 'above band edge' (1.45eV) emission 
and an enhanced 1.38eV peak, with little indication of a signal due to 
mercury. This observation agrees with earlier comments on the
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FIGURE 3. 36
a) Photoluminescence spectrum 
of InP 'control' sample, 
unimplanted and I TP annealed 
at 700‘C for 60 seconds.
*10
b) InP PL spectrum of 100 keV, 
10,s mercury i ons. cm~z
implanted at RT and ITP 
annealed at 800 "C for 60 
seconds. (Inset: 10K spectrum
of the near band edge region.)
j 1---- 1__ i__ i i
800 1000 . .. ,fe00__ 1400wavelength
c) PL spectrum of same sample 
as in (b) above, following a 
subsequent 10 second etch in 
HF.
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a) InP PL spectrum taken from 
the centre of a sample 
implanted with 100 keV, 10’5 
mercury ions cm~2 at RT and 
ITP annealed at 600'C for 120 
seconds.
FIGURE 3. 37
b) PL spectrum of the same 
sample as (a), taken near the 
edge.
c) InP PL spectrum taken from 
the centre of a sample 
Implanted with 100 keV, 10's
mercury ions cm~2 at RT and 
ITP annealed at 700~C for 60 
seconds.
d) PL spectrum of the same 
sample as (c), taken near the 
edge.
e) InP PL spectrum taken from 
a sample implanted with 100 
keV, 10'B mercury ions cm~2 at 
RT and ITP annealed at 750~C 
for 60 seconds.
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commencement of thermal degradation at sample edges for this annealing 
condition. Similar variable results are seen for a 700'C annealed sample 
(Fig. 3.37 (c) and (d>) but annealing at 750X  and above gives a surface 
that is apparently uniformly degraded, resulting in a PL spectrum which 
does not change when the laser spot is moved (Figs. 3.37 (e), 3.36 (b) 
and (c)). The InP sample annealed at 700 X  for 60 seconds also showed a 
'deep' emission at about 0.98eV. This peak has been associated with 
donor-like phosphorous vacancies [3.573, or a Din~P complex [3.521. A 
broad peak centred at about 1.08 eV was seen for the sample subjected to 
RTA at 750X.
3.4.2 PL studies of 200X  mercury implants_annealed under, jfcha 
'dual' Qncapsulant.
The PL spectrum of 'as-grown' InP is shown again in figure 3.38 (a). A 
series of InP samples were implanted with mercury at 200 X  and subjected 
to rapid thermal annealing at temperatures from 750° to 900 X  whilst 
protected by the 'dual' SlalL/AIN encapsulant (Figure 3.38 (b)-(g)).
These samples were shown to be p-type by Hall effect measurement . As 
can be seen from the Inserts to figure 3.38, which show spectra taken 
only in the near band-edge wavelength region, characteristic '3-peak* 
spectra were obtained for all these samples, showing 1.41eV 'band edge' 
emission, the 1.38 eV 'residual zinc acceptor' peak and a peak due to the 
electrically active mercury at 1.33eV. The relative intensities of these 
three peaks change as the annealing temperature is raised, although no 
continuous trend is visible. At the highest annealing temperature of 
900X, almost all the observed emission is ocurring at 1.33eV. For all 
samples annealed below 900X, the broad 1.08eV emission is again seen.
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FIGURE 3.38
a) Photoluminescence spectrum 
of 'as-grown' InP.
h)
10 '
PL spectrum
mercury
of 100 keV, 
ions. cm~2 
implanted at 2009C and
annealed under the 'dual' cap 
at 7509 C far 60 seconds. 
Inset: separate spectrum taken 
of the near band-edge 
wavelength region.
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c) PL spectrum of 100 keV, 
10's mercury ions. cm~2
implanted at 200 'C and 
annealed under a 'dual' cap at 
800‘C for 60 seconds. Inset: 
separate spectrum taken of the 
near band-edge vmve length
region.
d) PL spectrum of 100 keV, 
1014 mercury i ons. cm~2
implanted at 200‘C and 
annealed under a "dual’ cap at 
830’C for 60 seconds. Inset: 
separate spectrum taken of the 
near band-edge wavelength 
region.
e) PL spectrum of 100 keV, 
1014 mercury ions, cm"2
implanted at 200 *C and 
annealed under a 'dual * cap at 
850 "C for 60 seconds. Inset: 
separate spectrum taken of the 
near band-edge wavelength 
region.
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FIGURE 3.38 contd.
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f) FL spectrum of 100 keV, 
1014 mercury ions.cm~2
Implanted at 200'C and 
annealed under a 'dual* cap at 
875 *C for 60 seconds. Inset: 
separate spectrum taken of the 
near band-edge wavelength 
region.
g) PL spectrum of 100 keV, 
10’4 mercury ions.cm~2
Implanted at 200 ~C and 
annealed under a 'dual1 cap at 
900’C for 60 seconds. Inset: 
separate spectrum taken of the 
near band-edge wavelength 
region.
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3.4.3 PL studies of xenon implants annealed under the 'duallenQapsulant
Photoluminescence was also used to characterise two samples that had 
been implanted with 200 keV, 10’ 4 xenon ions .cm-2 at RT and subsequently- 
annealed under the 'dual' encapsulant. These samples formed part of the 
series discussed above, in which indiffusion of silicon and corresponding 
n-type activity were observed for samples encapsulated and annealed in 
this manner. As shown in figure 3.39(a), significant 'deep level' 
emission from deep levels centred around 1.02eV is seen far a sample that 
has been implanted and subsequently encapsulated with SisJL at 600 X  for 
2 minutes. No 'band-edge' emission is seen for this sample. RTA at 
800X  for 60 seconds results in n-type activity and a strong 'band-edge' 
emission, although there is still a significant contribution from deep 
levels (Fig. 3.39 (b)).
3.4.4 PL studies of 200X mercury.Implants annealed.
Pieces of the InP wafer implanted with 100 keV, 10' 4 mercury ions.cm-2 at 
200X  were also annealed in a phosphine ambient. The results are shown 
in figure 3.40 below, together with an 'as grown' InP spectrum. These 
clearly show the shift of the observed emission from the 1.41eV to the 
1.33eV peak following mercury implantation and RTA. It may also be seen 
that annealing under PH3 apparently avoids the *3-peak' structure observed 
for the samples annealed under the 'dual' cap above (Fig. 3.38,), and gives 
complete emission from the mercury peak at only 750 X  compared to 850 X  
for the encapsulated anneals. Another significant difference between the 
two annealing methods is the lack of any emission around the 1.08eV 
region in the PH3 annealed case.
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FIGURE 3.39
-—  energy (eV)
1-5 1-4 1-3 1-2 1-1 1-0 0-9 a) PL spectrum of InP implanted with 200 keV, 10’4 
xenon ions. cm~2 at RT, 
following encapsulation with 
the SUFt/AlN 'dualf cap.
b) PL spectrum of InP
implanted with 200 keV, 10’4 
xenon ions.cm~2 at RT,
fallowing RTA at Q00°C for 60 
seconds under the *dual* cap.
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energy (eV)
800 900 1000 1100
wavelength (nm) -
1200
a) Photoluminescence spectrum 
of *as-grown* InP.
FIGURE 3.40
b) PL spectrum of 100 keV, 
1 0 ' 4 mercury i ons. cm' 2
implanted at 200 ’C and 
annealed in a PH3 ambient at 
750*C for 60 seconds.
c)
101
PL spectrum 
mercury
of 100 keV, 
ions cm' 2 
1300 implanted at 200*0 and 
annealed in a PH3 ambient at 
850*0 for 60 seconds.
3 . 4 . 5
PL was performed upon InP samples which had been implanted with 300 keV, 
2x1 O’4 zinc ions .cm-2 and annealed in PH3 . RBS results for these same 
samples revealed that residual disorder was still present even after RTA 
at 800°C for 60 seconds (Fig. 3.27). PL confirms this to be the case 
(Fig. 3.41) and indicates that there is a significant 'deep level' 
contribution introduced by the implantation process, which reduces as the 
annealing temperatureis raised, (The 'as-grown* spectrum is shown in Fig. 
3.40 above.) No significant emission is seen in the near band-edge 
region following annealing at 700°C for 60 seconds, however a peak at 
1.38eV is observed after 10 minutes at this temperature. (Fig. 3.41 (a)
and (b)). This peak is also observed following RTA at 750° and 800°C.
- 103 -
As discussed above, 1.38eV emission has been attributed to the presence 
of the zinc acceptor; these results for a zinc implant support this, The 
peak intensity increases as the annealing temperature is raised and the 
sample annealed at 800 °C was seen to be p-type when electrical 
measurements were performed.
FIGURE 3.41
energy (eV) a) PL spectrum of InP 
Implanted with 300 keV, 2x1014 
zinc ions.cm"2 at RT and 
subsequently annealed in a 
PHs ambient at 700 'C for 60 
seconds.
b) PL spectrum of InP
implanted with 300 keV, 2x1074 
zinc ions. cm~2 at RT and 
subsequently annealed in a 
PH3 ambient at 700"C for 10 
minutes.
c) PL spectrum of InP
Implanted with 300 keV, 2x10’4 
zinc Ions, cm~2 at RT and 
subsequently annealed in a 
PEs ambient at 750’C for 60 
seconds.
wavelength (nm)
d) PL spectrum of InP 
implanted with 300 keV, 2x10'4 
zinc ions.cm~2 at RT and 
subsequently annealed In a 
PHs ambient at 300 'C for 60 
seconds.
3.5 Eedls.trlbutj.pn. gf. implanted .-acceptors .during rapld-thermal 
annealing
SIMS has been used by several workers to follow the redistribution of 
implanted beryllium, magnesium ,zinc and mercury during post-implant
furnace annealing of InP [3.18, 3.28, 3.60-3.633. Implants of beryllium, 
magnesium and zinc are all found to be extremely mobile. Two different 
types of post-anneal dopant profile have been reported, apparently
dependant upon whether the InP substrate is grown ‘undoped1, or rendered 
semi-insulating by the addition of species such as iron, manganese or 
chrome to the indium sublattice. In the former case, the dopant tends to 
redistribute uniformly about the ‘as implanted' profile, with some
accumulation at the surface and indiffusion towards the bulk which is 
reflected by a decrease in the peak dopant concentration [3.603. In
contrast, furnace annealing of acceptor implants in InP doped with iron, 
manganese or chrome gives rise to a dopant concentration maximum within 
the range of the implant profile and the formation of a 'plateau' region 
of dopant concentration. This plateau is typically at a level of about 
10*7 acceptor atoms .cm-3 and generally extends several microns into the 
material before falling abruptly to the SIMS background level at a deep 
'diffusion front' [3,28, 3.60-3.623. This observed diffusion 'tail' is 
apparently electrically inactive [3.633 and formation of this 'tail' is 
accompanied by simultaneous redistribution of the iron, chromium or 
manganese impurity. The two types of redistribution profile are shown in 
chapter 5, where this phenomenon is discussed further <Fig. 5.3).
For the limited study of mercury implants reported [3.183, it is not clear 
whether or not the InP substrate used was 'undoped' or contained a 
transition metal. It appears, however, that room temperature mercury 
implants into InP do not diffuse as readily as the above acceptor species 
during post-implant furnace anneals.
- 105 -
Studies of beryllium, magnesium and zinc outdiffusion during furnace 
annealing indicate that as much as 90% of the implanted dopant can be 
lost for a dose of 10'5 cm-2 [3.60], Both low (10'3 cm-2) and high (1015 
cm~2) dose beryllium implants show significant dopant loss, whilst there 
appears to be a 'dose threshold' of about 1014 cm-2 for magnesium and zinc 
implants below which outdiffusion is insignificant. The use of an SiaN* 
encapsulant does not appear to reduce the outdiffusion seen, although the 
shape of the dopant profile is affected. 1014 cm"2 implants of mercury do 
not apparently suffer significant outdiffusion [3.183; redistribution 
studies of higher mercury doses have not been reported.
Recent studies of dopant redistribution following RTA of beryllium [3,24, 
3.633, magnesium [3.60, 3.64, 3.653 and zinc [3.663 implants suggest that 
indiffusion of these species is not avoided by the use of this type of 
anneal. The indiffusion of beryllium apparently depends upon the growth 
technique used to produce the InP substrate, with marked indiffusion seen 
for InP grown by LPE but much less for LEC or MOCVD grown material 
[3.243. There also appears to be an 'incubation period' of at least 60 
seconds at 700°C before the the beginnings of 'tail' formation are seen 
for beryllium and magnesium [3.63, 3,643.
Outdiffusion is also reported to remain a severe problem when RTA is 
used, with about 66% of implanted beryllium being lost following rapid 
thermal annealing at 800°C for 6 seconds in a PHs ambient [3.253. There 
have been no reports of the redistribution of Implanted mercury during 
RTA.
The present work therefore set out to extend the above SIMS studies and 
observe the redistribution of implanted magnesium and zinc during 
deposition of the SisIL encapsulant and subsequent RTA of InP samples; to
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correlate these resu lts  with e le c tr ic a l measurements and the observed 
ind iffusion  of s ilic o n  in the same samples; and to study for the f ir s t  
time the e ffe c ts  of d ifferen t surface protection techniques upon the 
redistribution  of implanted mercury during RTA of InP. This la tter  
experiment was to be done using Rutherford backscattering (RBS).
3.5.1 SIMS-Jstudies at magnesium implants
As shown in figure 3.42, deposition  of a SialLi film  upon InP implanted 
with 50 keV, 10,s magnesium ions.cm-2 at RT has apparently given r ise  to  
some outdiffusion in the near-surface region and s ig n if ic a n t ind iffusion  
of the dopant when compared to the th eoretica l PRAL prediction for th is  
implant condition. These resu lts  appear to agree with those previously  
reported for RTA of magnesium [3.60, 3.64, 3.653. L ittle  ind iffusion  of 
s ilic o n  was seen in th is  sample follow ing encapsulation alone (Fig. 3.13). 
Subsequent RTA at 750 °C for 60 seconds caused further red istribution  of 
the magnesium and substantia l s ilic o n  in d lf fusion. E lectrica l sheet 
measurements indicated that th is  sample was n-type.
3.5.2 sm S-js fcufltes o f zinc implant s
Zinc doses ranging from 2x10’4 -  10'5 ions.cm-2 were implanted into InP at 
50 or 300 keV at room temperature. RTA was performed under the 'dual' 
encapsulant or in a phosphine ambient. Atomic p ro file s  of zinc and 
s ilic o n  were obtained where appropriate.
(a) Rapid t hermal annealing-.under a _M«aI!_janfiaps.u3lfmt.
Substantial red istribution  of the implanted zinc occurs during the SisN4 
deposition process (Fig. 3.43). RTA of 50keV zinc implants protected in 
th is  manner resu lts  in deep d iffu sion  'ta ils ' which are sim ilar In shape 
for both the 10,s and 5 x l0 14 cm-2 doses studied (Fig. 3.43, 3.44). These
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FIGURE 3.42 : SIMS magnesium depth profiles in InP Implanted with
50 keV, 10’s magnesium ions, cm~2 at RT: (1), as SisRa 
encapsulated only; (2), as encapsulated and annealed 
at 750 9C for 60 seconds.
The projected range Rp derived from PRAL is also indicated.
resu lts  appear to be sim ilar to those reported previously by other 
workers following RTA of such implants [3.673. S ign ifican tly  le s s  
s ilic o n  ind iffusion  was seen in th is  sample implanted with zinc at 50 keV 
than in the sample implanted at 300 keV (Fig. 3.14). P-type a c t iv ity  was 
obtained only for the 50 keV zinc implants (Table 3.3).
A clear d iffusion  'ta il' i s  seen in the 300 keV, 2 x l0 ’4 ions.cm"2 zinc  
implants following RTA at 750 °C and a sm all peak i s  present within the 
SIMS p rofile  at a depth of approximately 330 nm (Fig. 3.45). Comparison 
with the RBS spectra for th is  implant condition (Fig. 3.26) shows that 
th is  peak l ie s  just below the orig in a l am orphous/crystalline Interface  
present in the as-im planted m aterial. This sample did not y ie ld  any 
measurable e le c tr ic a l a c tiv ity .
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FIGURE 3.43 : SIMS zinc depth profiles in InP implanted with 50 keV, 
1015 zinc ions.cmr2 at RT, following: (— ), SisF* encaps 
ulation only; (--1, subsequent RTA at 750* for 60 
seconds.
depth (nm)
FIGURE 3.44 : SIMS zinc depth profiles in InP implanted with 50 keV, 
10,s zinc ions, cm'2 at RT: <'--•9, as implanted; and (— ) 
as SisFd encapsulated and subsequently annealed for 60 
seconds at 800 'C.
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(b) Rapid thermal annealing under a THa...overpressure
In addition to the above experiments using the 'dual' encapsulant, p ieces  
of InP were cut from the same wafer (which had been implanted with 300 
keV, 2 x l0 14 z in c  ions.cm -2 a t RT) and su bjected  to  RTA in  a PHs ambient. 
A ser ie s  of annealing temperatures between 700 and 800°C were examined. 
There is  su bstan tia lly  le s s  red istribution  of implanted zinc follow ing  
PHa anneals compared to RTA under the 'dual' encapsulant (Fig. 3.45). An 
increase in the time of 700 °C anneals from 60 seconds to  10 minutes 
increased the extent of lnd iffusion  and resulted in s l ig h t ly  le s s  dopant 
was retained within the near surface region; th is  was a lso  the trend when 
the annealing temperature was raised . Signs of ‘deep ta i l '  formation are 
v is ib le  following RTA at 750°C for 60 seconds and RTA at 800 "C leads to  
the formation of a d e fin ite  'shoulder' w ithin the dpoant p ro file  (Fig. 
3.46), The residual dose a fter annealing at 800 X was approximately 
2 .4x l013 zinc ions.cm-2. As discussed previously (section  3.2.4), th is  
sample was p-type, displaying a sheet carrier concentration of about 
7.2x l0 '2 carriers .cm-2.
3.5.3 Resul t s  o£J£BS_s£M ies_pf_mercury i mplants i nto  InP 
Because of the high atomic mass of mercury, i t  i s  p ossib le  to use RBS to  
d irectly  observe the red istribution  of high dose (>10,B cm-2) implants in 
InP. Useful resu lts  have been obtained despite the lim ited dynamic range 
of the technique. Some of the RBS spectra from which the mercury 
p ro file s  below were derived have already been shown above.
<a> Redistribution o f room temperature mercury Implants
ITP annealing of InP Implanted with 100 keV,10,s mercury ions.cm-2 at RT 
shows s ig n ific a n t red istribution  of the mercury atoms during 500 and 
600°C anneals (Fig. 3.47). Annealing at 700 and 800X  resu lted  In no
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depth (nm)
FIGURE 3.45 : SIMS zinc depth profiles in InP implanted with 300 keV, 
2x1 O'4 zinc ions. cm~2 at RT: (1), as implanted; or 
following RTA at 750' for 60 seconds, either: (2), in a 
PH3 ambient; or (3), under the ’dual cap'.
0 200 400 600 800
depth (nm)
FIGURE 3.46 : SIMS zinc depth profiles In InP implanted with 300 keV, 
2xl0’4 zinc ions.cm~2 at RT, as annealed in PHs for:
(1), 700 'C/60 seconds; (2), 700'C/10 minutes; (3), 750'C/60 
seconds; (4), 800 'C for 60 seconds.
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mercury being detectable in the implanted samples. Corresponding RBS 
spectra indicate that th is  depletion of mercury i s  most lik e ly  occurring 
during regrowth of the amorphous layer formed under these implantation 
conditions <Fig. 3 .30).
Cb) Redistribution of 200 "C mercury Implants
No amorphous layers were produced in InP by implants of 100 keV, 1.3x10’5 
mercury ions .cm-2 made at 200 X , although small damage peaks were formed 
(Figs. 3 .32-3.34). In general, unlike the RT implants above, substantial 
quantities of implanted mercury remained in the near-surface regions of 
the InP even after 800 X anneals. It therefore appears that the depletion  
and red istribution  observed in figure 3.47 is  indeed associated  with 
regrowth of the amorphous layer.
FIGURE 3 .47  : RBS m ercury r e d is tr ib u t io n  p r o f i l e s  o f  100 keV, 1 0 ,s mercury 
ions.cm~2 im plan ted  a t  RT: Cl), a s  im p lan ted ; (2), ITP 
annealed a t  500* f o r  120 secon ds; (3), ITP annealed a t  
600 *C f o r  120 secon ds.
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In figures 3,48-3,50, mercury p ro file s  are compared for 'hot' implants of 
100 keV, 1.3xl0 ,s mercury lons.cm-2 annealed using sev era l d if fe r e n t  
means of surface p ro tec tio n . Proxim ity annealing a t 600°C lead s to  
su b sta n tia l dopant r e d is tr ib u t io n  (Fig. 3 .48 ) which i s  a lso  seen  
fo llo w in g  S i3N4 deposition alone (Fig. 3.49) at a comparable temperature. 
Subsequent RTA at temperatures of up to 800"C under the 'dual' encapsulant 
resu lts  in there being l i t t l e  further red istribution  (Fig, 3.49). Sim ilar  
anneals under PSG lead to s lig h t ly  le s s  mercury remaining within the 
material (Fig. 3.50). Sim ilarly implanted samples annealed under the 
'dual' encapsulant were p-type (Table 3.3).
FIGURE 3.48 : RBS mercury depth profiles in  InP implanted with 100 
keV, 1.3x10’5 mercury lons.cm~2 at 200'C: (1), as 
implanted; or proximity annealed for 60 seconds at: 
(2) 500’C; (3), 600'C.
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FIGURE 3.49 : RBS mercury depth profiles in InP implanted ivith 100 
keV, 1.3xlO,s mercury ions.cm~2 at 200'C: (1), as 
implanted; (2) as Sisfa encapsulated alone or following 
RTA under the SisRj/AlM dual’ cap for 60 seconds at:
(3), 700 ’C; (4), 800 'C.
atomic 
concentration (x10zuciTr)
depth (nm)
FIGURE 3.50 : RBS mercury depth profiles in InP implanted with 100 
keV, 1.3x1015 mercury ions.cm~2 at 200’C: (1), as 
implanted; or as PSG encapsulated and annealed for 60 
seconds at (2),500’C; (3), 600'C; (4), 700’C.
3.6 Transmission electron microscopy results
In addition to being examined with PL and SIMS, the ser ie s  of InP samples 
implanted with xenon ions were a lso  investigated  using plan view TEM. 
This showed (Fig. 3.51) that there ex isted  high defect d en sities  and 
extended d islocation  structures fallow ing implantation. Examination after  
annealing the implanted material at 800 °C for 60 seconds showed that 
substantia l damage remained within the material (Fig. 3.52) but that the 
dislocation  structures appeared to  be more in the form of 'islands' than 
extended, suggesting that at le a st  p artia l reordering of the material had 
occurred. This would tend to support the PL data (Fig. 3.39) which 
showed recovery of the 1.41 eV em ission after annealing at 800*C. 
Unimplanted InP (not shown) did not contain any s ig n ific a n t damage or 
growth features whatsoever when examined in th is  manner.
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|— 1 100 nm
FIGURE 3.51 : TEM plan view of InP implanted with 200 keV, 10u xenon ions.cm2 at room 
temperature (bright field image).
FIGURE 3.52 : TEM plan view of InP implanted with 200 keV, 10u xenon ions.cm2 at room 
temperature and subsequently annealed under the dual' encapsulant at 800° C for 
60 seconds (bright field image).
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CHAPTER 4
E X fE R IM M IA L -R E aiL IS-E Q R _C xaInA §,
ALL Infrmductigp, . .aM general .Qommeats
The f ir s t  major observation of the following section  i s  that the quality  
of the supplied GalnAs i s  extremely variable. Whilst no detailed  
measurements of la t t ic e  parameter or composition are made, simple 
observation of the surface appearance i s  su ffic ien t to show that the type 
and density of d efects that might be expected to be present is  d ifferen t  
for each wafer received. In addition, Rutherford backscattering (RBS) 
measurements show that there are s ig n ific a n t variations in the nominal 
composition of the supplied wafers; and e lec tr ic a l measurements and TEM 
observation indicate that at le a st  one of the wafers grown a t BTRL using 
molecular beam epitaxy (MBE) may have suffered spinodal decomposition 
during a lloy  growth.
RBS and secondary ion mass spectrometry (SIMS) stud ies suggest that 
substantia l c ry sta llin e  disorder remains within th is  ternary compound 
after  rapid thermal annealing (RTA) and that the presence of such 
'damage layers' s ig n ific a n tly  a ffe c ts  the red istribution  behaviour of the 
implanted dopant during the annealing cycle. Comparison of the residual 
dopant dose remaining a fter  annealing of the various ions Indicates that 
SialL or the 'dual' encapsulant prevent the outdiffusion of beryllium, but 
not that of magnesium and zinc. E lectrica l data are presented which are 
the f ir s t  reports of succecssfu l p-type a c tiv ity  follow ing implantation  
of magnesium in th is  material. These resu lts  are not reproducible from
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wafer to wafer, but confirm that p-type a c tiv ity  may be achieved using 
ion implantation i f  good quality GalnAs can be grown and the implantation 
damage removed without s ig n ific a n t dopant red istribution  occurring during 
annealing.
4.2 S tudiflSL-nl ' a s  "-gmwa" GalnAs.
As discussed in chapter 2 above, GalnAs received from the growers was 
characterised v isu a lly , then by Hall measurement or RBS (Table 4.1).
WAFER
No.
GROWTH
METHOD
SURFACE
QUALITY
ELECTRICAL RESULTS 
Po ft* Ns
(Q/pj> (cnP/V.s) (cm'2)
RBS RESULTS 
X«in (GaAs)/In 
Ratio
<%>
Cl 578.2 VPE Fair ----- ---- ----- 12 1. 19
Cl 565.2 VPE Fair ----- ------------ ------------ 12 ------------
Cl 572.1 VPE Poor ------------ ------------ ------------ 11 1. 14
MB 464 MBE Good ------------ ------------ ------------ — ------------
MB 479 MBE Fair 119 4736 5. lx lO '2 12 1. 22
MB 480 MBE Good 867 6879 1. lx lO 12 13 1.24
MB 500 MBE Fair 351 2307 7. 7 x l0 12 13 1. 17
PMB 247* MBE V. Good ------------ 6193 2. 5 x l0 12 — 1. 17
BS 318* LPE Poor ------------- ------------ 5, lx lO 12 — 1. 16
BS 320* LPE Poor ------------ ------------ 2. 3 x l0 12 — 1. 15
TABLE 4.1 : Summary of results obtained during characterisation
of 'as-grown' GalnAs
*Electrical measurements made by the growers.
4.2,1 Microscopy and e ldGtrical_assa5.smenf,
The defects observed on the GalnAs surfaces were completely d ifferen t for 
pieces of material grown by the three d ifferent techniques, VPE material 
showed two main types of feature when examined using Noraarski 
microscopy. The shape of these defects leads to th eir  being called  
'h illocks' and 'parachutes' in a previously published study of the growth
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of th is  material C4.ll. The 'h illock s' are reported to be associated  with 
highly supersaturated growth conditions and frequently contain stacking  
fa u lts  at their centre, w hilst the density of 'parachutes* corresponds to  
surface features on the InP substrate prior to growth and is  independent 
of growth conditions. An SEM micrograph of a 'poor' VPE grown GalnAs 
surface i s  shown in figure 4.1.
With the exception of PMB 247 (grown at Sheffield  U niversity), a l l  the 
supplied MBE grown GalnAs had oval shaped defects on the epllayer  
surface. The s iz e  and density  of these varied considerably, but i t  is  
most lik e ly  that they were associated  with the presence of thermal etch  
p its  on the InP substrate prior to  GalnAs growth (Fig. 4.2).
The MBE GalnAs grown at Sheffield  U niversity had no apparent d efects on 
the surface prior to implantation and subsequent processing. LPE grown 
material from the same source was however of poorer quality, with sm all 
circular p its  uniformly d istributed  across i t s  surface. These are 
beleived to  be sm all etch p its  surrounding tiny  indium globules le f t  on 
the GalnAs surface following growth.
Measured room temperature Hall m ob ilities were le s s  than half of that 
expected for high quality GalnAs at these carrier concentrations (13000 
cm2/V,s) C4.21. TEM stud ies of MB 479 revealed that th is  GalnAs epllayer  
showed a long-wavelength 'tweed' contrast (Fig. 4 .3). Such contrast 
features have previously been associated  with low carrier m obility in LPE 
grown GalnAsP C4.3, 4,41. This e ffe c t  has been related to the presence of 
loca lised  fluctuations in the a llo y  composition, thought to arise  from 
spinodal decomposition during material growth.
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FIGURE 4.1 : SEM micrograph of 'poor' VPE grown GalnAs surface 
(Cl 572.1)
FIGURE 4.2 : SEM micrograph of ’fa ir’ MBE grown GalnAs surface 
(MB 479)
4.2.2 Compositional fluctuations .observed jwith RBS
As described in chapter 2, i t  i s  p ossib le to obtain the ratio  of the
number of combined gallium and arsen ic atoms to the number of indium
atoms in a piece of GalnAs by considering the re la tiv e  heights of the
respective elemental s ig n a ls  in a random RBS spectrum. The value of th is
ratio  for 'ideal la t t ic e  matched' Gao.47Ino.53As is  about 1.17, Values 
obtained from some of the GalnAs wafers used in the present work are 
shown above (Table 4.1). The error on these measurements is  about ±3 %. 
Thus i f  the ratio  has a value greater than 1,20, the GalnAs may be said  
to contain le s s  indium than required for the ideal composition given  
above, and i f  the ratio  i s  le s s  than 1.14, the GalnAs substrate may be 
said  to be 'indium rich '. The MBE grown wafers MB 479 and MB 480 are 
therefore apparently indium d efic ien t.
4.3 CoBiparigQn of  differen t  ..surf  ace .. prgtegtigR-.techntqMos
As for InP, surface protection is  required in order to minimise thermal 
degradation of GalnAs during post-im plant annealing. Three d ifferen t  
annealing methods were compared during the present work. In general, i t  
was found that thermal decomposition of GalnAs/InP ep ilayers occurs to a 
much le sser  extent than that observed for InP.
Four samples from MB 479 were implanted with 100 keV, 10,B magnesium 
ions.cm-2 and annealed at 800°C for 30 seconds. One of the samples was 
le f t  unprotected during the anneal (Fig. 4 .4), the others were protected  
with AIN (Fig. 4 .5), the 'dual' cap or a GaAsP 'proximity' cap (Fig. 4 ,6), 
As can be seen, substantia l thermal damage was seen on the unprotected 
sample and varying degrees of damage under the several encapsulants. The
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FIGURE 4.3 : TEM micrograph of as grown' MB480, showing long wavelength tweed' contrast 
associated with alloy clustering.
FIGURE 4.4 : SEM micrograph of GalnAs implanted with 100 keV, 101S magnesium ions.cm2 at 
room temperature and annealed at 800° C for 30 seconds with no surface 
protection.
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FIGURE 4.5 : SEM micrograph of GalnAs implanted with 100 keV, 1015 magnesium ions.cm2 at 
room temperature and annealed at 800°C for 30 seconds under the AIN 
encapsulant.
2HM 20KV 04 008 S
FIGURE 4.6 : SEM micrograph of GalnAs implanted with 100 keV, 101S magnesium ions.cm2 at 
room temperature and annealed at 800°C for 30 seconds under the GaAsP 
"proximity" encapsulant.
'dual* cap offered the best protection for GalnAs, showing no s ig n ific a n t  
surface features at th is  m agnification.
4 .4  Rutherford b ack scatterln g  (RBS) s tu d ie s  o f the removal o f ion  
im plantation  damage in  GalnAs using rapid thermal annealing
As for the implants into InP discussed above, RBS was used to monitor 
the introduction and removal of cry sta llin e  damage in GalnAs during ion 
implantation and subsequent RTA. It was expected that cry sta llin e  
regrowth in th is  ternary compound semiconductor would occur sim ilarly  to  
that seen for InP, rather than in the manner observed for elemental
s ilic o n  wafers. There i s  only one report in the literature of the 
characterisation  of GalnAs using RBS [4.1], although TEM has been used to
observe defects in th is  material follow ing implantation of magnesium and
subsequent RTA [4.1, 4.23.
4 .4 .1  EfisuLfcs-lor 3cagaL2tsBgsrahure. beryl l i u m Implan ts
Such im plants of 75 keV, 1014 beryllium ions.cm"2 did not introduce
s ig n ifica n t amounts of damage, g iv ing  an ’as-implanted' value of Xi"i"=13%, 
which was the same as that obtained for th is  wafer (MB 480) before
implantation (Fig. 4.7 8s Table 4.1).
4.4.2 RegrQi!Lfch-X3f..jagunage„cauged by .room te mperature magnesium implants
In contrast to the beryllium implants, room temperature implants of 100
keV, 1016 magnesium ions.cm-2 form an amorphous layer extending
approximately 300 nm from the surface into the material (Fig. 4 .8).
Proximity annealing at 600°C for 30 seconds caused th is  amorphous region
to reorder s ig n if ic a n tly , although a substantial damage region s t i l l
remained. Annealing at 800°C for 30 seconds improved the c r y s ta llin ity
further, but did not restore i t  to the value of X"i"=13% seen for th is  VPE
grown wafer prior to implantation (Cl 565.2, Table 4.1).
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FIGURE 4.
FIGURE 4.
RBS spectra of GalnAs Implanted with 75 keV, 1014 
beryllium ions.cm~2 at RT: (1), as implanted,
(2) as received.
RBS spectra of GalnAs implanted with 100 keV, 1015 
magnesium ions.cm~2 at RT: (1), as implanted, or 
following RTA for 30 seconds at: (2), 600~C;
(3), 300'C; or, (4), as grown.
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4.4.3 Regrowth of damage.-Paused by ..mgr.c.ur.y_ljaplanfs
(a) Rook temperature implants
Room temperature implantation of 100 keV, 10,B mercury ions.cm-2 g ives a 
thin amorphous layer le s s  than 100 nm thick (Fig. 4 .9). RTA at 600°C for  
30 seconds removes th is  layer but s ig n ifica n t disorder remains within the 
material. Annealing at 700°C for the same time does not s ig n ific a n tly  
reduce the damage level further.
FIGURE 4.9 : RBS spectra of GalnAs implanted with 100 keV, 10,B
mercury lons.cm~2 at ET: (1), as implanted, or 
following RTA for 30 seconds at: (2), 600 ’C;
(3), 700 *C.
(b) 2.Q<TG impl ant s
As far InP, implantation of GalnAs a t 200 CC greatly  reduces the quantity 
of damage remaining within the material follow ing ion bombardment. Ro 
amorphous layers are seen a fter  implantation of 100 keV, 10,s mercury 
ions.cm-2, although a very sm all damage peak i s  observed, which i s  
completely removed by annealing at 700“C for 30 seconds (Fig. 4.10).
- 126 -
FIGURE 4.10 : Channelling RBS spectra of GalnAs implanted with 100
keV, 10,s mercury ions.cm~2 at 200*C, showing; (1), the 
small damage peak formed during implantation and 
(2), removed by subsequent RTA at 7Q0’/60 seconds.
4.5 R ed istr ib u tio n  o f  im planted acceptora.iiuriJGtg^mgid thermal. 
annealing.
When the present work commenced, there were no reports of acceptor 
impurity depth p ro file s  in GalnAs that had been obtained by d irect means. 
E lectrica l carrier p ro file s  had been published for beryllium implants, 
which indicated that a su bstan tia l proportion of the implanted dose was 
e le c tr ic a lly  inactive and that s ig n ific a n t ind iffusion  of the beryllium  
atoms occurred during furnace annealing at 670X  for 10-15 min [4.71. 
During the course of th is  project, several SIMS stud ies have been reported 
in the literature.
Room temperature implants of beryllium, magnesium, zinc and cadmium have 
a ll  been been shown to red istribute su b stan tia lly  during furnace
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apparently depends upon the method of GalnAs epilayer growth, with deep 
'ta ils ' forming in LPE m aterial but not in MBE GalnAs [4.93. Rapid 
thermal annealing apparently reduces the extent of beryllium ind iffusion  
in same cases [4.113, but not others [4,12, 4.133, w h ilst for zinc implants 
th is  type of anneal i s  reported to reduce both outdiffusion of the dopant 
and the junction depth [4.103, Studies of the movement of magnesium 
implants during RTA have not been reported. Mercury implants in GalnAs 
have not been studied by SIMS owing to 'matrix interference e ffe c ts ',  
although e le c tr ic a l measurements suggest that th is  ion may not 
redistribute as readily as the above sp ecies [4.141.
The present work therefore s e t  out to  observe the red istribution  of 
magnesium and mercury implants during rapid thermal annealing of GalnAs 
for the f ir s t  time and to extend the lim ited reports of beryllium and 
zinc implants. Mercury red istribution  in implanted GalnAs was to  be 
studied d irectly  by means of RBS, as was done for the case of InP, and
SIMS was to be used for the other ions. Both RT and 200°C implants of
magnesium and mercury were to be studied, in order to see i f  the regrowth 
of any cry sta llin e  damage present had a s ig n if ic a n t e ffe c t  upon the shape 
of the red istribution  p ro files .
4 .5 .1  im plants
As can be seen from figure 4.11, implants of 75 keV, 10’4 beryllium  
atoms .cm-2 made at room temperature into MBE grown GalnAs (MB 480,
Table 4.1) red istribute s ig n if ic a n tly  during SisIJ4 encapsulant deposition  
at 575°C, giving r ise  to a s l ig h t ly  concave concentration p rofile  with 
depth. The integrated dose of the 'as capped' SIMS p ro file  suggests that 
no beryllium is  lo s t  during encapsulation. Subsequent anneals at 600 
and 750 °C apear to have l i t t l e  e ffe c t  on the retained beryllium atomic
concentration or the red istribution  p rofile .
annealing [4,8, 4.9, 4.10], The shape of zinc diffusion profiles
FIGURE 4.11 : SIMS beryllium depth profiles In GalnAs implanted with
75 keV, 10 ’ 4 beryllium atoms.cm' 2 at RT, showing the 
effects of RTA under the Sisfa encapsulant.
All anneals were for 30 seconds.
Similar implants annealed under a GaAsP 'proximity cap' gave beryllium  
depth p ro files  of a d ifferen t shape (Fig. 4.12), which may be due to  the 
lack of the thermal cycle required to  deposit the SisEU encapsulant on the 
previous samples or to  the absence of stra in  e ffe c ts  associated  with the 
presence of SisR*. An implanted sample that was annealed without any 
surface protection shows a beryllium depth p ro file  sim ilar in shape to  
the proximity anneals. Surface 'spikes' observed in the SIMS data are 
non-reproducible SIMS a rte fa cts  and these data points are not included in 
estim ations of the residual beryllium dose, which suggest that no 
s ig n ifica n t autdiffusion occurs for th is  method of surface protection.
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FIGURE 4.12 : SIMS beryllium depth profiles in GalnAs implanted with
75 keV, 10’ 4 beryllium atoms.cm~2 at RT, showing the 
effects of RTA under a GaAsP 'proximity cap'.
All anneals were for 30 seconds and a result obtained 
from an unprotected sample is also shown.
4 .5 .2  SIMS,studlgLS_n£_jmgRes;i.um Impl an ts  
(a) 2£lQlQ-A3B&laj&s.
From the RBS resu lts , i t  may be seen (Fig. 4.10) that the elevation  of 
GalnAs to 200°C avoids the formation of amorphous layers during 
implantation. For th is  reason, implants of 100 keV, 1014 magnesium 
ions.cm'2 were made at 200°C. An ‘as-implanted' SIMS p ro file  for th is  
implant condition in VPE grown GalnAs (Cl 565.2, Table 4.1 above) is  
shown in figure 4.13. As can be seen, SIsNa encapsulation alone leads to  
considerable ind iffusion  of the implanted magnesium. Further annealing  
at higher temperatures resu lts  in substantia l lo s s  of the dopant,
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presumably Into the encapsulant. Only about 15% of the Implanted dose 
remains within the GalnAs a fter  an 800*C anneal far 30 seconds.
FIGURE 4.13 : SIMS magnesium depth profiles in GalnAs implanted
with 100 keV, 1014 magnesium ions.cm~2 at 200°, showing 
the effects of RTA under the SIsNa encapsulant. All 
anneals were for 30 seconds.
<b> Roam teigpgifl:faa;c.e_..lmplants.
Dopant lo ss  a lso  occurs for 100 keV, 1015 cm-2, magnesium implants made 
at room temperature, with about 4% remaining a fter  encapsulation and 
annealing at 800X  for 30 seconds (Figure 4.14). In th is  case, however, 
the residual magnesium concentration remaining within the near-surface  
region is  lower than that of the low dose implants above.
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FIGURE 4.14 : SIMS magnesium depth profiles in GalnAs implanted
with 100 keV, 10's magnesium ions.cm~2 at RT, showing 
the effects of RTA under the SI3F4 encapsulant. All 
anneals were for 30 seconds.
In contrast, sim ilar ly  implanted samples which were proximity annealed 
show near-surface behaviour sim ilar to that of the lx lO 14 Mg+ implants 
above, but in th is  case approximately a ll  of the implanted dose remains 
after an 800 *C anneal (Fig. 4.15).
It may a lso  be seen from figures 4.14 and 4.15 that there is  a region  
about 100 nm wide and approximately 200 nm deep in the m aterial, In 
which magnesium is  'pinned' at the lower annealing temperatures. This 
effec t  is  esp ecia lly  marked for the SisEL encapsulated specimens, but is  
largely masked by surface accumulation of the dopant in the proximity
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case. This peak disappears upon annealing at 800*C, suggesting that the 
defect mechanism responsible for the 'pinning' e ffe c t  is  removed a t these  
temperatures. Sim ilar SIMS p ro file s  have been observed following p ost- 
implant annealing of magnesium implants In GaAs [4.15] and InP [4.163.
DEPTH (nm) -
FIGURE 4.15 : SIMS magnesium depth profiles in GalnAs implanted
with 100 keV, 10ls magnesium ions.cm~2 at RT, showing 
the effects of RTA under a GaAsP "proximity' encapsulant. 
All anneals were for 30 seconds.
Redistribution of th is  magnesium implant is  a lso  shown in figure 4.16 
following RTA at 800 X for 30 seconds under an AIR d ie lec tr ic , the 
SisRi/AlR 'dual' encapsulant, or with no surface protection at a ll .  From 
th is  figure i t  i s  clear that the 'dual' encapsulant o ffers  l i t t l e  
resistance to magnesium outdiffusion, w hilst AIR apparently reta ins a l l
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the implanted dose. A s lig h t  'shoulder' i s  observed in the p rofile  taken 
from the unprotected sample, which a lso  apparently reta ins a l l  the 
Implant dose.
FIGURE 4.16 : SIES magnesium depth profiles in GalnAs implanted
with 100 keV, 10'* magnesium ions.cmat RT, showing 
the effects of RTA under a SisMd/AlM *dual * encap­
sulant, AIM alone, or with no surface protection. All 
anneals were QOQ’C for 30 seconds.
A higher magnesium dose was a lso  implanted into a piece of MBE grown 
GalnAs (MB 464, Table 4.1 above) at room temperature. This was a dual 
implant of 5.5x1014 magnesium ions.cm-2 at 150 keV followed by 10,e 
magnesium ions.cm-2 at 400 keV. A SIMS p ro file  of a the dopant p ro file  
fallowing RTA at 750“C for 30 seconds under the 'dual' encapsulant is  
shown in figure 4.17. As can be seen, there is  again su bstan tia l surface
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depletion and a buried accumulation region. A pproxim ately 15% of the 
original implant dose remains within the m aterial. E lectrica l 
measurements indicated about 17% p-type a c tiv ity , suggesting that a l l  the 
magnesium remaining within the sample was e le c tr ic a lly  active  (Table
4.2). Other implanted samples from th is  wafer were a lso  p-type.
FIGURE 4.17 : SIMS magnesium depth profiles for the dual implant of
5.5x10! 4 magnesium ions.cm~2 at 150 keV followed by 
10’s magnesium ions.cm~2 at 400 keV into GalnAs at RT, 
showing the effect of RTA at 750* for 30 seconds under 
the SisJTd/AlW encapsulant.
4.5.3 SIMS^fiiajdLlgS-g£--Zinfi..implaDts
The e ffec t  of annealing time upon the red istribution  of implanted Zn+ in 
LPE grown GalnAs (PMB 247, Table 4.1) was investigated  for 300 keV, 
5x1 O'4 zinc ions.cm-2 implants made at room temperature and subsequently 
annealed under a GaAs 'proximity cap* at 780 °C. As can be seen from
- 135 -
figure 4,18, a thermal 'spike' anneal, (in which the sample temperature is  
raised in a few seconds from room temperature to 780 *C whereupon the 
annealer i s  immediately switched o ff) , resu lts  in substantia l zinc 
redistribution  and lo ss  by outdif fusion, Increasing the 'time at
temperature' to 20 or 60 seconds resu lts  in there being progressively  
le s s  zinc remaining, Integration of the SIMS p ro file  Indicates that only 
about 2% of the implant dose i s  le f t  within the m aterial a fter  RTA for 60 
seconds.
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SIMS zinc depth profiles in Ga InAs implanted with 300 
keV, 5x10’4 zinc ions.cm~2 at room temperature, showing 
the effects of RTA under a GaAs *’proximity cap' for 
progressive times at 780'C.
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4.5.4 RBS s t udies pf mercury implants 
(a) Rqom temperature HgT Implants
As can be seen from figure 4.19, 'proximity* annealing of implants of 100 
keV, 10'5 mercury ions.cm-2 made at room temperature resu lts  in 
s ig n ific a n t red istribution  of the mercury follow ing annealing at 600 °C 
for 30 seconds. Further red istribution  occurs for higher annealing 
temperatures and no mercury was detectable by RBS follow ing 700 °C 
annealing of RT implants.
Comparison with the channelling RBS spectra for the same samples (Fig. 
4.9), ind icates that th is  red istribution  is  lik e ly  to be associated  with 
the observed regrowth of the amorphous damage layer formed during 
implantation.
FIGURE 4.19 : RBS mercury depth profiles in GalnAs for implants
of 100 keV, 10’* mercury ions.cm~2 made at RT; (1), as 
implanted, or showing the effects of RTA under a GaAs 
*proximity* encapsulant at : (2), 600“C; (3), 700*C.
All anneals were for 30 seconds.
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In contrast to the room temperature implants, much le s s  red istribution  i s  
observed fallowing RTA of mercury implanted 'hot'. Substantial mercury is  
seen to be present even a fter  annealing at 800 X (Fig. 4.20), RBS 
channelling spectra for th is  implant condition (Fig. 4.10) show that the 
sm all damage peak introduced by the 200 X mercury implant is  completely 
removed following RTA at 700X for 30 seconds.
(b) 200X  mercury. Implants
FIGURE 4.20 : RBS mercury depth profiles in GalnAs for implants
of 100 keV, 10’s mercury ions.cm~2 made at 200"C;
(1), as implanted, or showing the effects of RTA under 
a GaAs 'proximity' encapsulant at : (2), 600”C;
(3), 700*C; (4), QOO'C. All anneals were for 30 
seconds.
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4.6 Summary of electrical data_ak.tflingii
As-grown GalnAs is  apparently always n-type (Table 4.1). In the present 
work, implantation and subsequent annealing of acceptor sp ecies sometimes 
yielded p-type material (Table 4.2) but th is  resu lt was not reproducible 
from wafer to wafer. In general, the p-type resu lts  obtained seemed to  
depend upon the sta r tin g  wafer rather than the processing conditions  
used. The n-type data did not show any s ig n ific a n t trends, with changes 
in the processing conditions, beyond the fact that implantation and 
annealing tended to make the material more r e s is t iv e , Such n-type  
resu lts  have been reported by other workers [4.5, 4.6, 4.9] following  
implantation of acceptors and annealing of MBE grown GalnAs.
WAFER IQIT CAP ANNEAL
TEMPERATURE
( ’C)
P*
(ohm tf
/is
(cntVV. s )
ELECTRICAL
ACTIVITY
<%>
Cl 572.1 Mg+ SiaN* 700 614 134 70
750 668 149 63
MB 464 Mg+ Dual 635 349 96 14
650 217 90 21
750 294 •81 17
MB 479 Mg+ Several 700-800 n type
MB 480 Be+ Several 600-700 n type
MB 480 Mg+ Several 700-800 n type
MB 500 Mg+ Several 700 n type
PMB 247 Zn+ Proxim ity 780 n type
BS 318 Hg+ Proxim ity 700-750 n type
BS 320 Hg+ Proxim ity 700-750 n type
TABLE 4.2 : Summary of electrical data obtained following rapid
thermal annealing of acceptor implants in GalnAs for 30 
seconds at the temperatures shown. 
aSeveral" implies that all four of the surface protection techniques 
discussed were used upon samples with these Implant conditions.
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CHAPTER 5
In th is  section , the resu lts  shown in chapters 3 and 4 above are drawn 
together and presented. F ir s tly  the surface protection of InP i s  
discussed and i t  i s  concluded that w hilst good surface protection and p- 
type e lec tr ic a l a c t iv ity  may be obtained using the 'dual' encapsulant or 
annealing in a phosphine ambient, the usefulness of these techniques i s  
lim ited by the ind iffusion  of s ilic o n  and outdiffusion of implanted 
dopants respectively . It i s  a lso  shown that the presence of implantation 
damage enhances the ind iffusion  of s ilic o n  into  InP from the 'dual' 
encapsulant.
E lectrica l measurements of implanted GalnAs suggest that the present 
experimental resu lts  are dominated by e ffe c ts  ar isin g  from the quality of 
the supplied m aterial, although p-type layers were su ccessfu lly  formed in 
two wafers by magnesium implants. The use of a piece of GaAs or GaAsP 
to protect the GalnAs surface i s  found to give adequate protection and 
prevent dopant outdiffusion at the annealing temperatures studied in th is  
work. The 'dual' encapsulant g ives sim ilar protection and is  found to  
prevent the outdiffusion of beryllium but not magnesium.
5.1 IntxM«gticm
The formation and regrowth of amorphous layers in compound 
semiconductors is  then discussed  and the resu lts  obtained for both InP
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and GalnAs are compared to previous stud ies of related compounds. 
Excellent agreement i s  seen between these and the present resu lts , 
suggesting that so lid  phase epitaxy (SPE) occurs within the f ir s t  2-3  
minutes of annealing and that the 'ternary* GalnAs regrows in a sim ilar  
manner to 'binary' III-V compounds such as InP and GaAs. A c r it ic a l  
amorphous layer th ickness for complete regrowth i s  observed; i t  i s  
suggested that complete SPE does not occur for thicker layers because of 
local p o ly cry sta llite  nucleation.
Regrowth of these amorphous layers g ives r ise  to  substantial 
redistribution  of the implanted dopant in both InP and GalnAs. In 
addition to th is , the use of iron-doped InP substrates i s  often seen to  
lead to the formation of deep d iffu sion  'ta ils '. A model for th is  
diffusion  process i s  presented which suggests that the fraction  of 
implanted dopant which forms the deep 'ta il' i s  in the form of a 
divacancy complex, formed (in InP) by the in teraction  of the dopant atom 
with two phosphorous vacancies and displacement of a foreign atom (such 
as iron) already resident on an indium s ite .  The presence of residual 
implantation damage i s  shown to 'pin' dopant atoms in both InP and 
GalnAs, giving r ise  to  non-uniform dopant depth p ro file s . The method of 
surface protection employed is  a lso  seen to  s ig n if ic a n tly  a ffec t the 
near-surface behaviour of implanted dopants,
5.2 Discussion o f InP resu lts
5.2.1 Rapid  th£^^l_afmeall]agu+sj>sg.-±M-lMium._o:.J:in^seudQblnary (ITP) 
technique
From the micrographs and RBS data shown in chapter 3 above (Figs. 3.2, 
3.3, 3.5, 3 ,6), i t  may be seen that rapid thermal annealing of InP in an 
enhanced phosphorous overpressure generated by th is  means gave good
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surface morphology up to  annealing temperatures of about 700o-750X , 
depending upon whether or not the material had been implanted. Above 
th is  temperature, square thermal etch p its  were formed which were quite 
d ifferen t to the rectangular shaped etch p its  seen for unprotected InP. 
This upper lim it on the annealing temperature is  sim ilar to  the 650-750 *C 
maximum indicated by previous furnace annealing stud ies [5.1, 5.2] of both 
unimplanted and implanted InP annealed using th is  form of surface 
protection. The use of rapid thermal processing does not therefore 
appear to offer any s ig n ific a n t increase in annealing temperature.
The majority of the RBS spectra g iving information about the regrowth of 
implantation damage layers in InP were obtained follow ing ITP annealing. 
These indicate that amorphous layers up to lOOnm in th ickness could be 
regrown su ccessfu lly  by rapid thermal annealing at 750°C for 60 seconds. 
For mercury implants, th is  regrowth of the amorphous layer apparently 
gave r ise  to  substan tia l dopant red istribution  (Fig. 3 .47), resu lting  in 
no mercury being detectable follow ing annealing at 700 °C and above. 
Thicker amorphous layers did not regrow fu lly; the reasons for th is  w ill 
be discussed in section  5.4 below. Despite the fact that th is  annealing 
method apparently restored the c r y s ta llin ity  of the m aterial and was 
capable of protecting implanted InP surfaces for up to 90 seconds at 
700°C or 180 seconds at 600 “C, implants of magnesium, zinc and mercury 
ions annealed in th is  way were found to y ie ld  sem i-insu lating  e le c tr ic a l 
behaviour below an annealing temperature of about 650 “C and non- 
reproducible n-type surface layers above th is  temperature.
Micrographs published by previous workers follow ing ITP annealing of InP 
in a conventional furnace [5,1, 5,2] show sm all circu lar 'dimples*
appearing on the semiconductor surface. Although these authors noted 
that such features were not uniformly d istributed across th eir  samples,
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they did. not comment upon their shape or explain them further. Sim ilar
features provided the f ir s t  v is ib le  s ig n s of thermal degradation in the
present work and are believed to represent the in it ia l  stages of etch p it  
formation under ITP conditions. They subsequently develop into the 
square etch p its  shown in figure 3.3. As noted above, unprotected InP 
develops rectangular etch p its . This suggests that the presence of t in
modifies the preferential crystallographic etching ch a ra cter istics  of the
melt which forms a thermal etch p it. The crysta llographic structure of 
rectangular etch p its  formed during thermal degradation of unprotected 
InP (100) faces has been studied in d eta il [5.33 and the p its  have been 
shown to l ie  along (110) d irections (Fig. 5 .1 ), having s id es  and ends 
formed by ( l l l)A  and ( l l l ) B  planes respectively . The formation of such 
etch p its , and the d ifferen t etch p it  shapes seen in the present work may 
therefore be explained as fo llow s.
When su ffic ien t phosphorous has outdiffused from a sm all region of the 
surface, a molten indium-rich globule forms. This 'melt' then d isso lv es  
some of the surrounding InP in order to  restore the equilibrium  
phosphorous content at that temperature (equation 2 ,5), Because the 
( l l l ) B  planes of InP are phosphorous-rich C5.43, etching these w ill 
increase the phosphorous concentration in the melt mast rapidly. These 
crystallographic facets  therefore etch fa ster  than the (111)A fa cets , 
forming rectangular thermal etch p its  in unprotected InP. When a 
su ffic ien t partia l pressure of t in  i s  present within the annealing system , 
the phosphorous content of the indium-tin-phosphorous melt within an 
etch p it i s  enhanced C5.53 and the driving force for preferential etching  
i s  reduced, giving r ise  to the square etch p its  seen follow ing ITP 
annealing,
X-ray m icroanalysis of the bases of these square etch p its  did indeed 
reveal the presence of su bstan tia l quantities of t in  following ITP 
annealing at 800°C for 60 seconds (Fig, 3 .4). Photoluminescence (PL) 
stud ies on th is  sample (Fig. 3.36) seem to  corroborate th is  because they 
show a broad em ission peak centred at about 1.45eV, an energy greater 
than the nominal 1.41eV ‘band gap' emission seen in undamaged InP. Such 
an 'above band edge' em ission has previously been reported E5.63 for InP 
that was highly t in  doped ( N d - U a = 7 x 1 0 ' 8  cm-3) and attributed to band-to- 
band recombination where the t in  donor s ta te s  are degenerate with the 
conduction band. An in terestin g  feature of th is  sample was that the 
1.38eV 'zinc acceptor' peak [5.6, 5.73 was much larger than the band edge
t
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FIGURE 5.1 : Orientation of the boundary facets of an idealised
(100) surface thermal etch pit in InP. (After 
reference 5.3)
emission or the 1.33eV em ission which has been ascribed to  the presence 
of e lec tr ic a lly  active  mercury E5.6, 5.83. Etching of th is  sample in HF 
for ten seconds su b stan tia lly  reduced the width of th is  broad peak and 
removed the deeper 1.21eV em ission altogether. Examination of the sample 
a fter  the etching process suggested that certain  regions of the surface
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(probably indium-rich) were removed by the HF etch. This suggests that 
thermal degradation led to  gross surface inhomogeneity and that indium- 
rich  regions of the m aterial gave r ise  to the broad '1.38eV* and 1.21eV 
em issions. A sim ilar broad peak s lig h t ly  below the 1.38 'Zn acceptor' 
em ission has been observed by several workers [5.9-5.111 and variously
ascribed to  a defect complex involving s ilic o n , to  a copper-related
acceptor leve l, or to a donor-acceptor tran sition  involving a donor lev e l 
Introduced by residual implantation damage.
The present PL resu lts  a lso  ind icate that ITP annealing of unimplanted 
InP substrates at 700 °C for 60 seconds did not s ig n ific a n tly  a lter  the 
c r y s ta llin ity  of the material and agree with the v isu a l and RBS data 
which suggested that implanted m aterial might be held a t 700 "C for up to  
90 seconds before thermal degradation began (Fig, 3.35 & 3.36). When 
thermal degradation did occur, the shape of the PL spectrum varied with 
position  across the sample (Fig. 3 .37). Visual observations showed that 
enhancement of the 'above band edge' (1.45 eV) em ission occurred near the 
sample edges where the density  of thermal etch p its  was h ighest. This
provides further evidence that when thermal degradation occurred, high
lev e ls  of t in  were incoporated into the semiconductor surface.
The observed non-reproducible e le c tr ic a l resu lts  are therefore not 
surprising, sin ce  i t  might be expected that an appropriate combination of 
thermal degradation, t in  incorporation (tin  is  a donor in InP) and 
activation  of the acceptor implant would give r is e  to  sem i-insu lating  
behaviour or n-type layers of varying th ickness as observed here for  
d ifferen t samples and d ifferen t annealing conditions. Incorporation of 
tin  has a lso  been reported by other workers follow ing furnace anneals 
using th is  method of surface protection [5.121
-  145 -
a) Rapid thermal annealing using phospfrosilicate glasSro-SlObL 
or SialL for surface protection
These d ie lec tr ic  encapsulants a l l  fa iled  by catastrophic cracking at
ch aracteristic  'failure temperatures' which lay between 700° and 800 °C
(Table 3.2). Sim ilar values of fa ilure temperature have been seen by
workers studying furnace annealing of Implanted InP and are summarised
in tab le 3.1. The use of rapid thermal annealing does not seem to
s ig n if ic a n tly  a lter  the maximum temperature to which these encapsulants
are e ffec tiv e . This has a lso  been noted by other workers in vestigating
the behaviour of these encapsulants during rapid thermal annealing of
implanted InP [5.13, 5.141. It was observed in the present work that PSG
and S i3lA film s withstood higher annealing temperatures i f  the substrate
was implanted a t 200 °C rather than room temperature. This may be
explained by referring to  the RBS data (Figs. 3.30 & 3.32) which shows
that s ig n ifica n t regrowth of the amorphous damage layers caused by room
temperature implantation occurred during rapid thermal annealing at
temperatures as low as 500 °C and a lso  during the thermal cycle (about
5 9 0 °C for 3 minutes) required to  deposit SIsNa. This means that when
film s of PSG and SIsNa were deposited on InP which had been made
amorphous by implantation at room temperature, the semiconductor surface
was changing from the amorphous to  the c ry sta llin e  s ta te  during film
deposition. Consequently, these film s might be expected to be highly
stressed  and to fa i l  at lower annealing temperatures than film s deposited
on substrates which had been implanted at 200°C and did not therefore
contain amorphous layers.
Using phosphosilicate g la ss  and SIsNa for surface protection, room 
temperature implants of magnesium and zinc always gave n-type a c tiv ity  
following rapid thermal annealing. Room temperature implants of mercury 
were highly r e s is t iv e  when annealed under S i02 but n-type when PSG and
5.2.2 Annealing under s i l icon-based en cap su lan ts
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Si3N4 were used. In contrast, 'hot' (200 °C) mercury implants annealed 
using PSG and S i3If* were highly r e s is t iv e  (Table 3 .2). This suggests that 
the type of e lec tr ic a l a c t iv ity  measured follow ing a given acceptor 
implant depends upon both the implantation temperature and the choice of 
encapsulant.
b) Rapid theottal_anxiealing_iis ing..the SisIL /All-J dual'—aacapsi»lant_for
surfaQS ...protection
The 'dual* S i3N4/AlN encapsulant was found to  be su itab le  for annealing 
implanted InP up to  about 850°-900°C, depending upon the implant 
conditions used (Table 3.3 & 3 .4). It did not f a i l  by cracking, but 
tended to form iso la ted  pinholes which became large thermal etch p its  on 
further annealing. In th is  way, i t s  mode of fa ilure was sim ilar to that 
observed by other workers for a 'dual' PSG/Si3N4 encapsulant on InP [5.153. 
This suggests that the cracking observed for the s in g le  layer film s above 
may well ar ise  from the presence of undesirable s tr e s se s  within the 
d ie lec tr ic s  (or at the dielectric-sem iconductor in terface) and that the 
use of a double layer encapsulant a lle v ia te s  th is  problem.
101S and 10’4 cm-2 mercury implants made at an energy of 100 keV and a 
substrate temperature of 200°C gave p-type sheet e le c tr ic a l resu lts  
following rapid thermal annealing under the 'dual' cap. The e lec tr ic a l 
a c tiv ity  was seen to decrease as the annealing time was increased from 
60 to 180 seconds (Fig. 3.10); i t  a lso  tended towards a 'saturation' value 
of about 35% of the implant dose (Fig. 3.11). Depth p ro files  of the 
carrier concentration showed that active  p-type layers were formed, the 
depth of which apparently depended upon the annealing conditions, rather 
than implant dose (Fig. 3 .12). Average carrier concentration was about 
2x10’7 cm-3, independent of implant dose and annealing cycle. The h ighest 
percentage e lec tr ic a l a c t iv ity  obtained was about 28% for an implant dose 
of 10'4 mercury ions.cm-2. Previous stud ies of mercury implants into InP
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[5/16] found sim ilar values of carrier concentration follow ing furnace 
anneals of 10’3 -  1014 ions.cm”2 implanted at room temperature.
RBS data (Fig. 3.49), shows that some red istribution  of the mercury 
implanted at 200 X did occur during encapsulant deposition but that 
subsequent annealing had l i t t l e  e ffe c t  upon the depth d istribution  of 
retained mercury. This suggests that the above reduction in the value of 
the p-type carrier concentration i s  due to the introduction of some 
compensating defect rather than as a consequence of dopant outdiffusion. 
A p ossib le  explanation for th is  might be the introduction of s ilic o n  from 
the encapsulant.
Photoluminescence spectra (Fig. 3,38) for these p-type samples showed a 
ch aracteristic  '3-peak' structure in the near band-edge region. This 
consisted  of the 1.33eV 'mercury' peak, the 1.38eV em ission sa id  to a r ise  
from the presence of 'residual zinc acceptors' and the 'band-edge* s ign a l 
at 1.41eV. The re la tiv e  in te n s it ie s  of these three peaks varied as the 
annealing temperature was raised  but there was no apparent correlation  
between the in ten sity  of the mercury em issions and the measured 
e lec tr ica l a c tiv ity . Following annealing at 900 X far 60 seconds, almost 
a ll  the photoemission occurred at 1.33eV. These re su lts  may be explained  
as follow s.
Suppose that a fraction  of the Implanted mercury occupies la tt ic e  s i t e s  
following 200 X implantation and low temperature annealing. These 
'active' mercury atoms then give r ise  to the l,33e? em ission seen 
following rapid thermal annealing below 900X, Also suppose that there 
are a large number of non~radiative traps (perhaps arisin g  from 
implantation d efects) present within the material and that these are 
removed as the annealing temperature is  raised . This increases the
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carrier concentration observed with e lec tr ic a l measurements but w ill not 
a ffec t  the PL spectrum. Upon rapid thermal annealing at a su ffic ie n tly  
high temperature, the number of 'active' mercury atoms i s  su bstan tia lly  
increased, making recombination through the 1.33eV lev e l the most 
favourable em ission process. This then dominates the phatoemission 
spectrum.
Also v is ib le  in the spectra of samples annealed below th is  temperature 
was a broad 'deep level' em ission centred around 1,08 eV, which has been 
ascribed to eith er a complex native defect of the form Vin-D+ [5,17] or 
phosphorous vacancies [5.183. I ts  disappearance at the h ighest annealing 
temperature suggests that the former explanation may be the more lik e ly .
P-type resu lts  were a lso  obtained following rapid thermal annealing of 50 
keV, 2 x l0 ’4 zinc ions.cm"2 implanted at room temperature. As for the 
mercury resu lts , the sheet carrier concentration decreased as the 
annealing temperature was raised . The best resu lt was obtained at 750°C 
and gave ps=3300 Q/Q, ]is=98cm2/V.s and 50% e le c tr ic a l a c tiv ity .
From the RBS data shown in figure 3.24, i t  may be seen that the  
amorphous layer formed by th is  low energy zinc implant had completely 
regrown follow ing rapid thermal annealing of the implanted substrate at 
650 °C for 60 seconds. It was a lso  seen that amorphous layers of sim ilar  
th ickness (about 70~80nm) formed by mercury implants were removed during 
SisR* deposition (Fig. 3 ,32). It i s  therefore lik e ly  that the thermal 
cycle required to  deposit the encapsulant was su ff ic ie n t  to  remove the 
majority of the implant damage in  the zinc implanted m aterial. Secondary 
ion mass spectrometry of these 50 keV implants showed that substantia l 
ind iffusion  and red istribution  of the zinc atoms occurred both during 
SisNd deposition and subsequent RTA (Figs. 3.43 & 3.44).
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In contrast to the above p-type e lec tr ic a l resu lts , room temperature 
implants of magnesium and 300 keV zinc were always highly r e s is t iv e  
following RTA under the dual cap. SIMS stud ies showed that these  
implanted sp ecies  redistributed considerably during encapsulation and 
annealing but that s ig n if ic a n t quantities of the dopant remained within  
the near-surface regions (Figs. 3.42 and 3.45). These resu lts  again 
suggest that any e le c tr ic a lly  active  dopant i s  being compensated by some 
other e ffe c t  within the m aterial. Correlation of th is  SIMS data with RBS 
a lso  indicated that some of the implanted dopant was 'pinned' a t a depth 
apparently just beneath that of the original am orphous/crystalline 
interface (Figs. 3,21 and 3.26) and that the amorphous layers caused by 
these implants did not regrow fu lly  for these annealing conditions. Room 
temperature implants of mercury converted from sim ilar 'highly r e s is t iv e '  
behaviour to n-type a c tiv ity  a t annealing temperatures above 800 “C 
(Table 3.3). Residual implantation damage and dopant red istribution  are 
discussed further in sectio n s 5.4 and 5.5 below.
c) Sili._QQn J^.QdiffusiQR-fxpja—the.se,s ilic Qh-based encapsulantg.
From a ll  the e le c tr ic a l data d iscussed in (a) and (b) above, i t  appears 
that successfu l p-type activation  in implanted InP protected by s i l ic o n -  
based encapsulants not only depends upon the choice of implantation  
conditions (such as the ion sp ecies , implant energy, implant dose and 
implant temperature), but a lso  upon which encapsulant i s  used. As 
discussed in chapter 3, th is  conclusion has been reached by other workers 
studying the encapsulation and e le c tr ic a l activation  of implants in InP. 
They suggest that d ifferen t quantities of "residual implantation damage" 
(which i s  said  to  be n-type in InP) [5,19, 5.203 or the presence of 
e lec tr ic a lly  active s ilic o n  which has indiffused from the encapsulant 
C5.15, 5.213 may be the reason for th eir  resu lts .
Secondary ion mass spectrometry (SIMS) stud ies performed on some of the 
above 'dual* capped samples (Figures 3.13-15) show that samples g iving  
highly r e s is t iv e  or n-type e le c tr ic a l behaviour had higher near-surface  
s ilic o n  concentrations than p-type samples. This suggests that i t  i s  
indeed the presence of e le c tr ic a lly  active s ilic o n  which i s  the cause of 
the e lec tr ic a l resu lts  observed here. Several questions now arise: Can
the resu lts  of previous workers be explained in th is  way? Does s ilic o n  
ind iffusion  occur to the same degree in unimplanted and implanted 
substrates? How do the implantation conditions and choice of encapsulant 
a ffec t the ind iffusion  of s ilico n ?  How might such ind iffusion  occur?
An examination of the litera tu re which put the cause down to  
"Implantation damage" reveals that s ilicon -b ased  encapsulants were used 
in a ll  cases. It i s  therefore reasonable to conclude that the ind iffusion  
of s ilic o n  may be a t lea st part of the explanation for these resu lts  as 
well.
In order to attempt to answer the la tter  questions, samples were prepared 
from a s in g le  InP wafer. Some of these were implanted with a 'damaging' 
implant of the 'inert' ion xenon at room temperature. Both implanted and 
unimplanted portions of the same wafer were then id en tica lly  annealed 
using either the 'proximity' technique or the dual encapsulant for surface 
protection and the follow ing resu lts  obtained (Table 3.4) (The brackets 
contain preliminary conclusions drawn from each resu lt):
i )  Unimplanted and proxim ity annealed samples remained h igh ly  
r e s i s t iv e  fo r  a l l  annealing tem peratures. (This confirm s th a t  
any observed e l e c t r ic a l  a c t iv i t y  i s  not due to  'typ e conversion' 
of the su b stra te  as a r e s u lt  of the rapid thermal annealing  
cy c le  a lo n e .)
i i )  Unimplanted and encapsulated  samples were se m i-in su la tin g  up to  
an annealing temperature o f 850°C and showed e le c t r ic a l  
conduction above t h is .  C arrier type could not be determined 
because o f poor con tact performance. (High temperature 
annealing may g ive  r i s e  to  conductive behaviour but 
encapsu lation  and rapid thermal annealing a t  tem peratures up to  
850°C do not cause unimplanted InP to  become n - ty p e .)
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I i i )  Implanted and proximity annealed samples showed some
conductivity below 700°C but were sem i-insu lating  above th is  
temperature. (Some a c tiv ity  may indeed resu lt from 
'implantation damage', but th is  conductive behaviour disappears 
when the material i s  su ff ic ie n tly  annealed.)
iv) Implanted and encapsulated samples were co n sisten tly  n-type 
above annealing temperatures of 650 °C. (S ign ificant n-type  
a c tiv ity  i s  only seen follow ing encapsulation and rapid thermal 
annealing of implanted InP; It therefore a r ise s  out of some 
interaction between the implanted layer and the encapsulant.)
Correlation of these e le c tr ic a l r e su lts  with SIMS data (Figs, 3.16 & 3.17) 
shows that, as for the acceptor implants above, more s ilic o n  was present 
in samples that gave n-type a c t iv ity  than in samples which remained 
sem i-insu lating. This lends further credence to  the idea that i t  is  
s ilic o n  atoms acting as donors which are causing the observed e le c tr ic a l  
resu lts . Photoluminescence stu d ies (Fig. 3.39) show that xenon implanted 
samples had not regrown su fficen tly  to  give 'band edge' luminescence 
following encapsulation alone, but that 800°C annealing did restore the 
1.41eV em ission. S ign ifican t deep lev e ls  were seen even in the high 
temperature annealed sample. Transmission electron microscopy (TEM) 
studies from the same two samples confirmed that p artia l reordering of 
the damaged material had occurred during rapid thermal annealing 
(Fig .3.52).
It would therefore appear that the extent of s ilic o n  ind iffusion  in a 
given InP substrate i s  controlled  by the implantation conditions, the 
choice of encapsulant and the annealing cycle. D ifferent degrees of n-type  
compensation then resu lt from d ifferen t quantities of e le c tr ic a lly  active  
s ilic o n  being introduced into the near-surface region following d ifferen t  
processing conditions. How might implantation enhance the ind iffusion  of 
s ilic o n  from an encapsulating layer?
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In GaAs, two substrate parameters have been id en tified  which apparently 
influence the ind iffusion  of s ilic o n  from a thin film  source deposited on 
the semiconductor surface.
i)  The concentration of group III (gallium) vacancies in the surface 
regions of the material [5.22],
i i )  The magnitude of the s tr e s s  a r isin g  at the encapsulant -  GaAs 
interface [5.231,
Recent workers have concluded that these parameters may a lso  control 
s ilic o n  d iffusion  in InP [5.213, The experimental re su lts  seen in the 
present work might therefore be explained in terms of either of these  
parameters.
If the d iffusion  constant for s ilic o n  in InP is  d irectly  proportional to  
the number of indium vacancies (Vm) within the m aterial, then sin ce  
d ifferent implants y ie ld  d ifferen t concentrations of Vm, the s ilic o n  
diffusion  constant might be expected to change with the vacancy 
concentration. Unimplanted InP contains much le s s  Vm than implanted 
material, thus explaining why very l i t t l e  s ilic o n  lnd lffusion  occurred 
during RTA of encapsulated but unimplanted substrates. However, th is  
argument ra ises  the follow ing question: Vacancies are presumably being
removed as annealing proceeds (since i t  is  vacancies and vacancy-related  
defects which are the most predominant implantation defect) -  does th is  
lead to competition between removal of the d efects which enhance s ilic o n  
indiffusion and thermal activation  of the d iffusion  process?
The alternative explanation i s  that the d iffusion  constant of s ilic o n  is  
controlled by the s tr e s s  at the sem iconductor/dielectric interface. This 
is  because for the 'random walk' d iffusion  model, the d iffusion  constant D 
is  related to the la tt ic e  parameter a by the expression
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where J i s  the jump frequency. In a cry sta l deformed by s tr e s s , the 
la t t ic e  constant a i s  modified, giving a correspondingly d ifferent  
diffusion  constant [5.231.
Higher in terfac ia l s tr e s se s  might be expected when d ie le c tr ic s  are 
deposited upon damaged InP which is  reordering a t the deposition  
temperature. The magnitude of such s tr e sse s  i s  most lik e ly  to be 
related to the amount of regrowth that occurs during encapsulant 
deposition and annealing. This in turn depends c r it ic a l ly  upon the 
implantation parameters and the thermal h istory  of the encapsulation  
cycle. This explanation could again give r ise  to the observed dependence 
of s ilic o n  ind iffusion  upon choice of encapsulant, substrate implantation 
temperature, implant sp ecies, implant dose and energy.
Values of the in terfac ia l s tr e s s  have been calculated for the case of a 
GaAs/SiaSL interface [5.231, but th is  work ignores any e ffe c ts  of the 
implant layer, considering only the properties of bulk GaAs and a uniform 
film  of encapsulant. Such an approach to the problem Is u n rea listic  
because the magnitude of these in ter fa c ia l s tr e s se s  must be controlled by 
the interaction between the implanted layer and the encapsulant. It is  
therefore quite wrong to trea t the implanted layer as i f  i t  does not 
e x is t . Other stud ies of GaAs suggest that complete regrowth of amorphous 
implanted layers i s  restr icted  by the presence of an encapsulant [5.241, 
which agrees with the present observation that phenomena (including 
s tr e s s )  at an encapsulant/implanted semiconductor interface must be 
dominated by what occurs within the thin film s of Implanted material and 
encapsulant immediately adjacent to  it .
D a af , ...5.1
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The above a lternative explanations for the way in which the presence and 
extent of implantation damage controls s ilic o n  ind iffusion  are a lso  
interlinked; th is  is  because i t  has been suggested that the presence of 
s tr e s s  due to an encapsulant m odifies the vacancy concentration in the 
semiconductor substrate [5.25-5,273. This explanation has been used by 
several workers to explain variations in the near-surface depth p ro file s  
of implanted dopants C5.28, 5.293.
From the resu lts  shown in figure 3.17 above, i t  appears that RTA at 800*0 
resulted in s lig h t ly  le s s  ind iffusion  of s ilic o n  than occurred at 700*C. 
This might suggest that there is  indeed competition between the removal 
of excess vacancies due to  the annealing process and thermal activation  
of the s ilic o n  ind iffusion . The reduction of s ilic o n  ind iffusion  with 
implant temperature (Fig. 3.15) may either mean that le s s  vacancies are 
present in the material when implantation is  performed at elevated  
temperatures, or that i t  i s  the introduction of s tr e s s  due to the 
reordering of the amorphous layer created by room temperature 
Implantation which i s  responsib le for ind iffusion  enhancement. 
Dependence of the ind iffusion  upon implant energy (Fig. 3.14) may a lso  be 
explained by noting that both the vacancy d istribution  and the amorphous 
layer th ickness depend upon the implant range.
In summary, the presence of implantation damage has been shown to  
enhance the indiffusion  of s ilic o n  from the 'dual' encapsulant. This may 
be due to the increased concentration of indium vacancies within an 
implanted layer, or to the e f fe c ts  of s tr e s s  between the encapsulant and 
substrate upon the d iffusion  constant of s ilic o n  in the substrate, or to a 
combination of both of these phenomena.
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5.2.3 Rapid thermal .aimmllBg_jJslRg_jjL-j>hQaphiixe overpressure
In addition to being annealed under silicon -b ased  encapsulants, some of 
the InP implanted with 300 keV, 2 x l0 14 zinc ions.cm -2 a t room temperature 
or 100 keV, 10 ' 4 mercury ions.cm -2 a t 200°C was annealed in a phosphine 
ambient. Annealing in th is  manner resulted in there being no v is ib le  
s ign s of gross decomposition, although the zinc implanted material did 
develop a milky 'haze' on i t s  surface follow ing anneals at 750 °C and 
above. SEM micrographs (Figs. 3.18, 3.19) show that th is  'haze' i s  
associated  with a rough surface texture developed on these room 
temperature implanted samples. It has been suggested that th is  i s  due to  
some interaction of the amorphous surface layer (which i s  considered to  
be more ..reactive than a cr y s ta llin e  surface) with oxygen in the 
atmosphere, leading to  the formation of a th ick  oxide which is  
incorporated into the InP surface during annealing [5.301. An alternative  
explanation might be that pyro ly tic  deposition of some phosphorous- 
containing compound i s  occurring; th is  has been observed by other 
workers annealing Implanted InP under a PH3 overpressure [5.311. However 
i f  th is  were the case, one would expect such film s to  be deposited on any 
substrate held at an elevated temperature in the annealing atmosphere. 
InP implanted with mercury at 200°C did not develop any surface texture, 
even when annealed at 800°C in the phosphine atmosphere.
RBS showed that the amorphous layer formed by the above zinc implant did 
not reorder fu lly  even a fter  rapid thermal annealing at 800 °C for 6*0 
seconds (Fig.3.27) but that the material may contain a m icrocrystalline  
region near the surface. The observed roughening might therefore be due 
to variations in material volume arisin g  from the presence of a large 
number of m icrocrystals of varying s iz e s .
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Despite th is  incomplete regrowth, these sine implanted samples showed p- 
type e lec tr ic a l behaviour, with the best resu lt being ps=8000 Q/ , p3=44 
cm2/V.s and 30% e le c tr ic a l a c t iv ity . These resu lts  are in complete 
contrast to the highly r e s is t iv e  behaviour seen in id en tica lly  Implanted 
pieces from the same wafer which were annealed under the 'dual* 
encapsulant (Table 3 .3). This further supports the theory that s ilic o n  
ind iffusion  from such encapsulants caused the anomalous e lec tr ic a l 
resu lts  discussed in the previous section . The low m obility value 
obtained following rapid thermal annealing in phosphine suggests that the 
e lec tr ic a lly  active layer of the material contains a large number of 
scattering  centres, such as point defects or grain boundaries; th is  
therefore agrees with the RBS spectra. Photoluminescence resu lts  for 
these samples (Fig. 3.41) indicated that the implanted zinc was only 
activated following rapid thermal annealing at 750 X, although a ten 
minute furnace anneal at 700°C a lso  restored the 1.38eV em ission. An 
extremely large 'deep level' s ig n a l was seen in these samples. This did 
not appear to  have a peak over the wavelength region scanned. It i s  
believed that th is  may be 'grain boundary' em ission arisin g  from the 
m icrocrystalline region of the InP already discussed above. The 
in ten sity  of th is  em ission was reduced as the annealing temperature was 
raised.
SIMS stud ies (Fig. 3,45) showed that the extra thermal cycle  required for 
S i3m deposition su b stan tia lly  enhanced red istribution  of implanted zinc  
over that which occurred during PH3 annealing alone. Substantial 
outdiffusion of the implanted zinc seems to  have occurred during 
encapsulation and annealing and in addition, some of the dopant appears 
to have been 'pinned' just below the orig inal am orphous/crystalline 
interface. These e f fe c ts  have been noted previously when comparisons 
between the use of S i3N4 or PH3 have been made by other workers studying
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Reducing the annealing process to  a s in g le  thermal cycle by annealing in  
phosphine su bstan tia lly  le ssen s the indiffusion  of zinc, but a deep 'tail* 
appears to be farming follow ing anneals at the h ighest temperatures used 
(Fig. 3.46). This temperature dependence of the 'deep ta i l '  formation was 
also  noted by the workers mentioned above. Phosphine anneals a lso  gave 
r ise  to  considerable lo s s  of the zinc dopant which increased as the 
annealing temperature was raised. These e f fe c ts  w ill be discussed  
further below.
Phosphine annealing of the InP implanted with mercury at 200 X gave 
excellent surface morphology and no v is ib le  s ig n s  of roughening or 
decomposition up to  850 X. Photoluminescence spectra from these samples 
(Fig, 3.40) showed that the 1.33eV peak dominated the photoemission after  
annealing at 750 X. It was sharpened and became more intense following  
annealing at 850 X, which indicated that there was an improvement in the 
material quality follow ing the higher temperature anneal. Any deep leve l 
(1.08eV) emission seen in the PL spectrum from th is  wafer prior to  
implantation and annealing was completely removed after  RTA in phosphine. 
These resu lts  are very sim ilar to  those obtained follow ing annealing of 
the same implanted wafer under the SiaHa/AIR encapsulant at the higher 
temperature of 900X (Fig. 3.38 (g)>. This suggests that the presence of 
the 'dual' encapsulant may in terfere with the removal of residual 
implantation defects and e le c tr ic a l 'activation' of the implanted mercury 
atoms.
The major technological d iff ic u lty  encountered when performing rapid 
thermal annealing of InP implanted with the acceptor sp ecies  studied in 
the present work has been protection of the semiconductor surface during
furnace annealing of zinc implants in iron-doped InP [5.32, 5.333.
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the annealing cycle. Several techniques of surface protection were 
compared and found to  y ie ld  the follow ing resu lts .
1) Annealing using the enhanced phosphorous overpressure provided by an 
indium-tin pseudobinary leads to  good surface morphology but no p-type 
e lec tr ic a l a c tiv ity  below annealing temperatures of 650-700°C. Above th is  
temperature, thermal degradation of the surface i s  evident and substantia l 
quantities of t in  are incorporated in to  the InP surface, resu lting  in the 
formation of non-reproducible shallow n-type layers,
2) Use of 'conventional' encapsulating film s of phosphosilicate g la ss  
(PSG), S i02 or SisHL gave surface protection up to  annealing temperatures 
of 700-800”C, depending upon the encapsulant and implantation conditions 
used. It i s  suggested that when cry sta llin e  regrowth occurs during 
encapsulant deposition, substan tia l in terfa c ia l s tr e s se s  may develop 
between the encapsulant and the InP surface. Both n-type e lec tr ic a l 
a c tiv ity  and sem i-insu lating  e le c tr ic a l behaviour were observed following  
rapid thermal annealing of acceptor implants using these encapsulants, 
which suggested the presence of some form of e lec tr ic a l compensation.
3) Rapid thermal annealing of implanted InP protected with a 'dual' 
S1 3 N4/A1 N encapsulant showed that th is  method of surface protection was 
su itab le up to annealing temperatures of about 850-900*0, depending upon 
the implant conditions used. Room temperature implants of zinc and 200 °C 
implants of mercury were su ccessfu lly  activated  using th is  encapsulant. 
Other room temperature implants gave highly r e s is t iv e  or n-type  
e lec tr ic a l behaviour follow ing sim ilar encapsulation and annealing cy cles .
4) The anomalous e le c tr ic a l resu lts  noted in 2 and 3 above were shown to  
arise  from the presence of e le c tr ic a lly  'active' s ilic o n  in the near­
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surface regions of the implanted InP. This s ilic o n  is  believed to be 
contamination from the encapsulants used. The ind iffusion  of s ilic o n  was 
shown to be enhanced by the presence of implantation damage within the 
substrate; th is  i s  thought to occur because of changes in the s tr e s se s  
at the encapsulant/implanted layer interface. Such ind iffusion  lim its  the 
usefulness of these d ie le c tr ic s  as encapsulants.
5) The use of a phosphine ambient was found to y ie ld  superior resu lts  to  
any of the above techniques, with good surface morphology being 
obtainable up to  annealing temperatures of 850°. Implanted material 
which had remained sem i-insu lating  following rapid thermal annealing 
under the 'dual' encapsulant showed p-type a c tiv ity  when annealed in a 
phosphine ambient. The use of a s in g le  thermal cycle a lso  reduced 
redistribution of implanted zinc, although substantia l quantities of zinc 
were lo s t  during rapid thermal annealing.
5.3
5.3.1 Quality of the sta r tin g  m aterial
From the resu lts  of chapter four above, i t  can be seen that the GalnAs 
epilayers supplied for th is  work were quite d ifferen t in th eir  morphology, 
composition, and th ickness. The e lec tr ica l data obtained could not be 
correlated to the use of a given implantation and rapid thermal annealing 
cycle and appeared to depend more upon which particular GalnAs epilayer  
had been used for the experiment in question.
Recent work at th is  un iversity  [5.34] found that rapid thermal annealing 
of magnesium implanted into  GalnAs grown by LPE did not y ie ld  any p-type  
e lec tr ic a l a c tiv ity . Another study of acceptor implants in to GalnAs
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grown by low pressure m etallorganic chemical vapour deposition (LFMQCYD) 
[5.35] found that implants of beryllium and mercury gave p-type a c tiv ity  
following furnace annealing, but that sim ilar implants of magnesium and 
zinc remained n-type. These authors have recently suggested [5.363 that 
such resu lts  were partly caused by oxygen contamination of the ep itax ia l 
layers. Magnesium doped GalnAs grown by LPE has a lso  been shown by
other workers to convert from n-type to p-type a c t iv ity  when excess
oxygen was removed from the gallium -indium -arsenic melt used for growth 
[5.373. Thus i t  may be that, in addition to the e f fe c ts  of growth defects  
and la tt ic e  mismatch which were undoubtedly present in some of the 
material used in the current work, oxygen contamination was partly
responsible for the p ersisten t n-type a c t iv ity  observed. An alternative  
source of such n-type a c t iv ity  might be the outdiffusion of contaminants
from the InP substrates used, or contamination of the GalnAs layers
during growth. Additional com plications arising  from problems such as 
residual implantation damage and the red istribution  or outdiffusion of 
implanted dopants w ill be discussed below.
5.3 .2 ProkiiRiicjL-iannmlipg .nJLGalnAs
Thermal degradation was found to be much le s s  of a problem with 
GalnAs/InP ep ilayers than for InP surfaces. Proximity anneals of th irty  
seconds duration were performed at temperatures up to 800 °C using either  
GaAsP or GaAs as the cover piece. At th is  temperature, small 'pits* 
appeared on implanted surfaces (Fig. 4 .6), but the GalnAs s t i l l  appeared 
mirror like to  the naked eye. Anneals performed using either of these  
'proximity caps' were ind istingu ishab le provided a new piece of material 
was used each time.
Implants of beryllium made at room temperature were found to  remain n- 
type (Table 4.2) following proximity annealing a t temperatures sim ilar to
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those reported by the litera tu re to  give su ccessfu l p-type activation . 
This poor e lec tr ic a l performance was not due to  dopant lo ss , for SIMS 
stud ies (Fig. 4.12) showed that a l l  the implanted beryllium dose was 
retained during a ll  the annealing cycles  studied (within the experimental 
error, which was about ±15%), although some red istribution  of the dopant 
was seen following annealing at 600 “C. Increasing the annealing 
temperature to 700 °C did not s ig n if ic a n tly  change the amount of dopant 
redistribution that occurred. These resu lts  agree with previuos stud ies  
of beryllium implant p ro file s  follow ing RTA of GalnAs [5.38, 5.393.
Rutherford backscattering (RBS) showed (Fig. 4.7) that beryllium  
implantation did not introduce s ig n if ic a n t cry sta llin e  damage and a lso  
indicated that th is  wafer (MB 480) contained su b stan tia lly  le s s  indium 
than that required for the 'la tt ic e  matched1 composition (Table 4,1). 
As discussed above, the lack of su ccessfu l e le c tr ic a l activation , which 
has been observed by other workers, may therefore ar ise  from the 
presence of in tr in s ic  d efects  (perhaps associated  with poor la tt ic e  
matching between th is  GalnAs epilayer and the InP substrate), or from 
compensation due to  the presence of oxygen or some other contaminant.
A GaAsP 'proximity cap' was a lso  used to  protect the surface of magnesium 
implanted GalnAs during rapid thermal annealing. Once again, the 
e lec tr ica l resu lts  indicated n-type a c tiv ity  (Table 4 .2 ), which did not 
apparently depend upon the implantation conditions or upon the annealing 
cycle, RBS (Fig. 4.8) showed that implantation of lOOkeV, 10,s magnesium 
ions.cm-2 at room temperature led to  the formation of an amorphous layer 
about 300nm thick. Proximity annealing at 600°C caused th is  region of 
damaged crysta l to reorder s ig n ific a n tly , but even annealing at 800 °C did 
not fu lly  restore the m aterial to i t s  condition prior to  implantation. 
Substantial red istribution  of the implanted magnesium occurred during
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these annealing cycles; SIMS data (Fig. 4.15) ind icates that a l l  the 
implanted dose i s  retained even after annealing at 800 °C and that 
extremely high magnesium concentrations (approximately 102° magnesium 
atoms .cm-3) are to  be found in the near-surface regions of the material. 
The lack of p-type a c t iv ity  i s  therefore not due to  a lack of p-type  
dopant and, as for the beryllium implants discussed above, must ar ise  
from some other feature of th is  processed material. From the RBS data, 
there must be a s ig n if ic a n t number of implantation-induced d efects  
remaining within the GalnAs after  annealing. This was borne out by the 
observation that the sheet r e s is t iv i ty  of GalnAs which had been implanted 
with magnesium and proximity annealed was generally about f iv e  tim es 
greater than that of the unprocessed ep ilayers, w h ilst the electron  
m obility was reduced sim ilarly .
Zinc implants were found to  red istribute su b stan tia lly  even after very 
short annealing tim es at 780 °C (Fig. 4,18). In contrast to the above 
resu lts  for beryllium and magnesium implants annealed using a proximity 
encapsulant, outdiffusion of the implanted zinc during RTA was a serious  
problem. Only about 2% of the orig ina l implanted dose remained after  60 
seconds at th is  temperature. E lectrica l resu lts  were again disappointing, 
with n-type behaviour being observed for a l l  the samples measured (Table
4.2). This wafer had been grown a t Sheffield  un iversity  using molecular 
beam epitaxy (MBE) and had appeared to be of high quality when examined 
visu a lly . It may be, therefore, that in th is  case, the main reason for  
the lack of p-type a c t iv ity  i s  th is  red istribution  of the dopant, coupled 
with the presence of the residual implantation damage, rather than the  
poor substrate properties d iscussed above. A previous study of dopant 
redistribution  during RTA of zinc implanted GalnAs suggests that the use 
of 60 second thermal cycles resu lts  in l i t t l e  dopant lo s s  at temperatures 
of 650 °C [5.40].
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Mercury implantation a lso  yielded n-type e le c tr ic a l resu lts  a fter  
annealing (Table 4.2). RBS (Fig. 4.9) showed that 100 keV implants made 
at room temperature resulted in the formation of a th in  amorphous layer 
and that s ig n ifica n t damage remained within the material even after RTA 
at 700 X. The implanted mercury was seen to  red istribute during regrowth 
of the crysta l, with le s s  than IQ20 mercury atoms,cm-3 remaining in the 
near-surface region following the 700°C anneal (Fig. 4.19). Similar 
implants made into GalnAs held at 200X contained sm all damage peaks but 
no amorphous layers (Fig. 4.10). These 'hot' mercury implants did not 
red istribute to  the same extent that the room temperature implants did 
and su bstantia lly  more mercury was retained within the near-surface  
region of the epilayer (Fig. 4.20).
5.3.3 Annealing . of GalnAs.under thin film.encap^ulaBta
Some redistribution  of implanted beryllium atoms occurred during 
deposition of the 55nm thick encapsulating layer of SiaN-t used for  
surface protection (Fig. 4.11). Subsequent RTA had l i t t l e  e ffec t  on the 
dopant p rofile , which had a s lig h t ly  d ifferen t shape to that seen for  
pieces of the same wafer follow ing proximity annealing at the same 
temperatures (Fig. 4.12). This d ifference in the beryllium d istribution  
may be due to  the presence of in terfa c ia l s tr e s s  when an encapsulant is  
used, or simply be a consequence of the extra thermal cycle required to  
deposit the encapsulant. The n-type e lec tr ic a l re su lts  seen for th is  
wafer did not depend upon the method of surface protection employed.
SIMS studies of magnesium atomic p ro file s  indicated that the encapsulant 
offering the best barrier to outdiffusion of th is  dopant was about lOOnm 
of evaporated AIR (Fig. 4.16). Both SisR4 alone and the S13R4/A1R 'dual' 
encapsulant did not prevent the outdiffusion of implanted magnesium. 
Although SIMS data could not be quantified within these layers, evidence
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was seen w hilst the present data was being obtained which suggested that 
the magnesium was accumulating in the SisNi-based layer and then being 
lo s t  when the encapsulant was removed with hydrofluoric acid.
For implants of 100 keV, 10’4 magnesium ions.cm-2 performed a t 200°C, 
encapsulation with SisNd led to  considerable ind lffusion  of the dopant 
(Fig. 4.13). Further annealing at higher temperatures led to substantia l 
dopant lo ss , with only about 16% of the implanted dose remaining after  
RTA at 800 X. Dopant lo s s  a lso  occurs during RTA of sim ilarly  
encapsulated GalnAs implanted with 100 keV, 10,s magnesium ions.cm-2 at 
room temperature (Fig. 4.14). In th is  case, about 4% of the orig ina l 
implant dose remains. The shape of the dopant depth p ro file  was quite 
d ifferen t for these two implant conditions, with the room temperature 
implants showing 'pinning* of the magnesium at a depth of about 0.2pm. 
This was a lso  observed in p ieces of the same implanted wafer which had 
been annealed under a GaAsP 'proximity cap' (Fig. 4 .21), although surface  
accumulation of magnesium made the e ffe c t  le s s  prominent. For both 
surface protection methods, th is  e ffe c t  disappeared fallow ing annealing 
at 800 X, suggesting that the defect mechanism responsib le i s  removed at 
these annealing temperatures.
Studies of GaAs and InP [5.41, 5.43] have shown that i f  the amorphous 
layer formed by an implant does not extend to the surface of the 
semiconductor, then cry sta llin e  regrowth w ill occur in two d irections;  
both from the near-surface region and from the deeper 
am orphous/crystalline Interface. Where these two growth fronts meet, 
complex c ry sta llin e  d efects are formed which require annealing 
temperatures of the order of 800-900X to be removed. Although cro ss-  
section al high resolution  TEM experiments would be required to confirm  
the hypothesis, i t  seems lik e ly  that the dopant 'pinning' observed in the
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present work ind icates that the amorphous layers formed in GalnAs by 100 
keV magnesium implantation regrew in th is  way. This w ill be discussed  
further below.
Despite the observed problems of dopant lo ss , the only su ccessfu l p-type 
activation  of magnesium implants was obtained using SisNT or the 'dual' 
encapsulant for surface protection (Table 4 .2). One p-type sample was 
subsequently examined by SIMS (Fig. 4,17) and found to contain  
approximately 15% of the orig in a l implant dose. Within the experimental 
error, th is  agrees very w ell with the e le c tr ic a l measurement, which 
suggested that 17% of the orig in a l implant was e le c tr ic a lly  active. It 
must be noted, however, that GalnAs from another wafer which was 
implanted and processed id en tica lly  (as far as p ossib le) showed n-type 
resu lts .
5.3.4 Siimmary_^M_QQnQli)isiQns
The main conclusion reached during these stud ies of acceptor implants 
into GalnAs is  that e le c tr ic a l activation  of the implanted sp ecies is  
being Inhibited and that i t  i s  not clear from the present resu lts  where 
the problem l ie s ,  In view of the varied resu lts  published by other 
workers studying implantation in to th is  material; examination of/ the 'as 
grown* GalnAs supplied for th is  study and consideration of the pattern of 
p-type resu lts  which were obtained; the most lik e ly  explanation is  
considered to be the presence of oxygen contamination, donor sp ecies, or 
in tr in s ic  defects within the GalnAs ep ilayers follow ing growth. Other 
problems observed include the outdlffusion and red istribution  of dopants 
during RTA and the presence of residual implantation damage within the 
material a fter annealing.
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The main individual conclusions are:
1) RTA of beryllium implants using either S i3N4 or a GaAsP 'proximity cap' 
resu lts  in shallow, reproducible dopant p ro files , with no evidence of 
outdiffusion or the deep dopant ind iffusion  observed by other workers 
following furnace anneals a t comparable temperatures.
2) Implants of magnesium, zinc and mercury red istribute s ig n ific a n tly
during RTA; the fin a l dopant depth p ro files  depend upon whether or not an 
amorphous layer i s  formed during implantation and upon the method of
surface protection employed. Substantial red istribution  of mercury atoms 
was seen during annealing of room temperature implanted material, In
contradiction to  literatu re rep orts , the use of RTA does not appear to
suppress zinc red istribution  and outdiffusion.
3) The use of SIsNa or the SIsNa/AIN 'dual' encapsulant gave the best 
surface protection up to  annealing temperatures of 800 °C, but led to  
substantial outdiffusion of implanted magnesium. Proximity annealing 
gave adequate surface protection at these annealing temperatures and 
apparently prevented outdiffusion of magnesium. AIN alone gave r ise  to  
s lig h t ly  greater surface degradation than the 'proximity' technique.
4) For implants of magnesium, zinc and mercury, i t  would appear that RTA 
does not ea sily  remove amorphous layers formed during implantation. It 
i s  suggested that the regrowth of implantation damage in GalnAs occurs 
in a sim ilar manner to  that observed for GaAs and InP,
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5,4
In s ilic o n  i t  has been shown [5,441 that room temperature implantation of 
about 10'4 ions cm-2 of sp ecies such as gallium or bismuth resu lts  in 
saturation of the measured la tt ic e  disorder. The disordered layer 
produced by such implants d isp lays no long range atomic order and is  
therefore defined as being amorphous. This ‘amorphous layer' is  
considered to be a relaxed cry sta llin e  s ta te  quite d is t in c t  in character 
from a ‘highly damaged' cry sta l which may contain large numbers of 
defects such as vacancies, in te r s t it ia l  atoms and associated  complexes. 
The process by which tra n sitio n  from the ‘highly damaged' to  the
'amorphous' s ta te  occurs has been the subject of much speculation and 
theory, with d ifferen t models being proposed based upon d ifferen t  
concepts of the nature of the damage c lu sters introduced by individual 
ions. These fa l l  in to the 'heterogeneous' or the 'homogeneous' category.
Simply put, such models assume either that incoming ions d isp lace
su ffic ien t target atoms to  form amorphous damage c lu sters  which then 
overlap with other sim ilar c lu sters , eventually forming a continuous 
amorphous layer, or that each damage cluster introduces a certain  number 
of defects into the material and the la tt ic e  then relaxes to the
amorphous s ta te  at some c r it ic a l  defect density.
For conditions of practica l importance, the cry sta llin e  disorder that is  
introduced during ion im plantation depends upon the implantation  
conditions and ion sp ecies . This damage to the la tt ic e  may co n s is t of 
iso la ted  defect c lu sters , a buried amorphous layer overlaid with a thin  
region of highly damaged m aterial, or an amorphous layer that extends 
from a buried am orphous-crystalline in terface to the semiconductor 
surface.
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Although amorphisation of both silicon and III-V compound semiconductors 
may show some similarities, the recrystallisation behaviour and 
subsequent electrical properties of III-V's are quite different from those 
of silicon. In particular, it is observed that regions of implanted 
silicon which regrow from the amorphous state via solid phase epitaxy 
(SPE) tend to be free of secondary defects, the kinetics of the reordering 
process are apparently quite straightforward [5.45, 5.46] and a large
proportion of the ions in the amorphous layer are incorporated into 
substitutional sites after a typical anneal at 600°C for thirty minutes 
[5.42, 5.47, 5.48], In contrast, regrowth of such layers in (100) III-V 
compounds frequently leaves a large amount of disorder as observed with 
Raman spectroscopy [5.32, 5,491, ellipsometry [5.503 or RBS channelling 
measurements [5.13, 5.51-5,561 such as those used in the present work.
There appears to be a linear relationship between the thickness of the 
implanted amorphous layer prior to annealing and the thickness of any 
residual disorder left after heat treatment [5.43, 5.53, 5.541, with a 
characteristic 'maximum thickness' of amorphous layer which can be 
regrown at a given annealing temperature. TEM studies in implanted GaAs 
indicate that the residual disorder may consist primarily of bundles of 
stacking faults and microtwins [5.57-5.601.
Implantation of compound semiconductors also leads to further 
complications arising from the effects of unequal target atom recoil due 
to their different atomic masses. For example, calculations using 
Boltzmann transport equations [5,613 indicate that for heavy ion implants
into InP, an excess of indium may be expected on the surface side of Rp
and an excess of phosphorous on the bulk side. Thus it is not surprising 
that regrowth of damage layers formed by implantation of compound 
semiconductors is seen to be quite different to that observed for silicon,
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since SPE of compound materials requires that the components of the 
lattice be available in their correct proportions near the growth front.
5.4.2 Model for the regrowth of compound semiconductors 
Annealing studies of amorphous layers formed by implantation of GaAs 
C5.42, 5.62], InSb [5.63] and InP [5.20, 5.53-5.56] are agreed that for 
these compounds, complete regrowth appears to occur in several distinct 
stages independent of the ion species used:
Stage I: The 'transition* region of highly damaged (but nevertheless
crystalline) material immediately adjacent to the amorphous layer regrows 
rapidly to form a microfaceted (non-planar) growth interface from which 
subsequent SPE of the amorphous layer can initiate.
Stage II: Because of the presence of stoichiometric imbalances or excess
dopant above the local solid solubility limit, the epitaxial regrowth rate 
is not constant across this growth interface. Nevertheless, epitaxial 
regrowth does occur, perhaps in the form of stacking fault bundles which 
propagate rapidly towards the surface along individual crystalline 
directions, rejecting excess host and dopant atoms to the remaining 
amorphous material.
Stage III: If the original amorphous layer was sufficiently thin that 
these individually propagating regions of regrown material can intersect 
the surface, then on continued annealing, 'good* quality material will be 
obtained as the many extended defects present are eventually removed.
From this model, it can be observed that if the amorphous layer is 
thicker than some 'critical' value, then the directional epitaxial regrowth 
described above may well be competing with other processes, such as the 
local nucleation of microcrystallites within the amorphous layer. If 
randomly oriented microcrystallites did nucleate and grow, then SPE would 
come to an end and RBS would show very little further improvement in the 
crystallinity of the material.
In addition, it is also reasonable to note that if the amorphous layer 
were buried, then the SPE regrowth would occur from both the near-surface 
transition region and the buried amorphous-crystalline interface. This 
'two-directional' regrowth would then meet at some point within the
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original amorphous layer, forming a buried extended defect structure 
which would require very high annealing temperatures to be removed.
5.4.3 Discussion of results
Comparison of the results obtained from InP in the present work with 
those previously reported for furnace anneals (Fig. 3.31) [5.43, 5.53,
5.54] shows that there is excellent agreement between the two sets of 
data. In both the present work and the earlier results the 'critical' 
amorphous layer thickness appears to be about 200nm if annealing 
temperatures of 750 °C are used. It is also observed that as the 
annealing temperature is reduced from 750* to 650° C, the critical 
amorphous layer thickness apparently falls to lOOnm. This dependence of 
the critical amorphous layer thickness upon annealing temperature has 
also been reported previously [5.543. It is most interesting that the RTA 
results coincide so well with the furnace annealing data. This suggests 
that the solid phase epitaxy (SPE) occurs extremely rapidly during the 
first minute or two and that subsequent annealing does not further reduce 
the residual disorder level significantly. Once again, this was been 
observed by the previous studies which in general commented that the 
regrowth rate was initially rapid and then apparently ceased, leaving a 
"residual damage layer" which did not change appreciably during further 
annealing.
All these observations may be explained from the above model in the 
following manner. Amorphous layers that are thinner than the critical 
value regrow 'completely' as described in stages I-III above, and the 
initial formation and propagation of the growth interface can take place 
within the first two minutes of annealing if the annealing temperature is 
high enough (Figs. 3.24 and 3,30, for example), although further annealing 
may be required to remove extended defect structures not visible to RBS.
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Backscatterlng dechannelling signal before annealing-----
Yield dechannelling signal after annealing -----
poiycrystallites
FIGURE 5.2 : Schematic diagram of RBS spectrum following annealing
of a compound semiconductor initially containing an 
amorphous layer. The dechannelling signal can be 
divided into three regions: A, a region where SPE
occurred successfully. B, a region where poly­
crystallites formed. C, a 'near surface" region where 
some SPE may have taken place.
For amorphous layers which are thicker than the critical value, the 
moving regrowth fronts do not reach the surface of the material before 
local nucleation of crystallites occurs. Formation of these prevents 
complete SPE since the material has now (at least locally) returned to 
the crystalline state. Such polycrystalline material will appear in an 
RBS channelling experiment as a broad 'disordered1 region owing to the 
random crystallographic orientations of the individual crystallites.
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Since all that can now occur within the polycrystalline layer is some 
agglomeration and variation in the size of the crystallites, no 
significant change is to be expected after further annealing, even for 
long times. These features are exactly what is seen in many of the 
present results (Figs. 3.22, 3,25, 3,26-3.28). In these spectra, the
initially abrupt 'back edge' of the backscattering signal arising from 
'off lattice' indium atoms marks the original amorphous-crystalline 
interface clearly, Following rapid thermal annealing, the damage region 
is no longer amorphous (coincident with the 'random' indium signal in the 
spectra) and can be divided into three regions A,B and C (Fig. 5.2).
Turning to the RBS data obtained from room temperature implants of 
magnesium and mercury into GalnAs, it appears that amorphous layer 
regrowth in this material occurs in a similar manner to that just 
described for InP. The three regions A,B, and C are clearly visible in 
the spectra of magnesium implanted material (Fig. 4.8), but the thinner 
amorphous layer resulting from the heavy mercury implants only shows 
regions A and B (Fig. 4.9). This suggests that the lighter ion formed an 
amorphous layer which did not extend to the surface of the material and 
that SPE then occurred in two directions. SIMS data obtained from these 
magnesium implanted samples following rapid thermal annealing (Fig. 4.14, 
4.15) showed a significant peak in the dopant profile at a depth of about 
2Q0nm. This was only removed following annealing at 800 °C, suggesting 
that some 'dopant-pinning' defect structure was present which required 
these temperatures in order to dissociate and free the trapped magnesium 
atoms. A likely explanation for this is therefore that SPE did indeed 
occur in two directions and that complex extended defects were formed 
where the two sets of regrowth fronts met. These defects then trapped 
the magnesium and prevented its diffusion until they were dissociated at 
the high annealing temperatures.
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In summary, the results obtained from the present studies of amorphous 
layer regrowth during rapid thermal annealing of compound semiconductors 
are in excellent agreement with all previous work on the subject. In 
particular, the previously proposed linear relationship between the 
thickness of an amorphous layer prior to annealing and the residual 
damage thickness remaining after heat treatment has been found to be the 
same for RTA as for the earlier furnace anneals. This shows that the SPE 
growth stage occurs within the first few minutes of annealing. It is 
suggested that SPE of compound semiconductors is limited by local 
nucleation of microcrystallites before the moving crystalline regrowth 
fronts can reach the surface of the material. This nucleation may arise 
as a consequence of impurity precipitation or stoichiometric imbalances 
which arise from unequal target atom recoil during implantation.
5,5 Redistribution of implanted acceptors in InP and GalnAs
As discussed briefly in the respective results sections above (3.5 and 
4.5), many workers have observed that annealing leads to substantial 
redistribution of acceptor species in InP and GalnAs. Several particular 
features of this redistribution have also been noted:
1) In the case of InP, furnace annealing of beryllium, magnesium or zinc 
doped material has frequently been seen to lead to the formation of an 
indiffused dopant 'tail* which can extend several microns into the 
substrate and which has an approximately constant value of atomic 
concentration (Fig. 5,3), It appears that such tails are only formed when 
the material already contains some 'resident* dopant species located on 
the indium sublattice before any diffusion or implantation is performed 
(as-grown 'semi-insulating' or p-type InP may, for example, already 
contain iron or zinc respectively). During indiffusion of a new dopant 
(which will also reside on the indium sublattice when incorporated), the 
'resident' species are depleted from the region of the material in which 
the tail is formed C5.25, 5.64-5.683. The atomic concentration of the new 
dopant in the tail is often almost the same as the original concentration 
of the pre-existing species. Rapid thermal annealing studies suggest 
that for implants of the above acceptors, the tail is first seen after 
about 60 seconds at 700 °C 15,4, 5.33, 5.693. Electrical measurements 
[5.33, 5.66, 5.693 indicate that a substantial fraction of the acceptor
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atoms in this tail are electrically inactive even after annealing times of 
15 minutes or so.
2) Independent of the formation of this tail, annealing of high dose 
magnesium and zinc implants in both InP and GalnAs often leads to 
accumulation of the acceptor species at a depth which is said to be just 
below the original crystalline-amorphous interface 15.32, 5.40, 5.653.
3) For both materials, the method of surface protection employed during 
post-implant annealing has a significant effect upon the diffusion 
behaviour of acceptor atoms near the semiconductor surface. Proximity 
anneals tend to retain the implanted species, whilst the use of 
encapsulants or a phosphine overpressure frequently leads to substantial 
outdiffusion and dopant loss even if rapid thermal annealing is used
15.29 , 5.32 , 5.35 , 5.40 , 5.65 , 5.66 , 5.69 , 5.703.
Implant, 100keV, 10M cm*2
FIGURE 5.3 : SIMS depth profiles of the simultaneous redistribution
of implanted beryllium and pre-existing 1resident' iron 
atoms during annealing (After ref. 5.64)
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Diffusion of acceptor species in III-V semiconductors is generally
described using the interstitial-substitutional Frank-Turnbull (or 
Longini) mechanism [5.71, 5.721. In this model, it is assumed that
acceptor atoms exist substitutionally (AD on the group III sublattice, or 
interstitially (AD, The relation between the two species (A* and AD 
would involve indium vacancies (ViD in InP, since
Ai + + 2h* .  (5,2)
Acceptor atoms are assumed to be able to move quite rapidly along the 
lattice interstices until they encounter an indium vacancy with which 
they interact as in (5,2), becoming substitutional and subsequently 
electrically active. Once substitutional, they can only diffuse via 
exchange with a neighbouring indium vacancy and the activation energy 
for this process is quite high, so the diffusion rate is small [5.731. 
This model correctly predicts observed dopant concentration profiles near 
the semiconductor surface and the development of diffusion 'shoulders' or 
tails has been explained as being due to there being non-equilibrium 
vacancy concentrations present. From (5.2), a deficit of Vin would result 
in there being a ’fast diffusing' fraction of the AD species present, 
which was suggested as the cause of the observed tail [5.741. Effects of 
changes in the ionisation of the interstitial atoms [5.75, 5.761 have also 
been suggested as the cause of the change in the diffusion constant. 
Unfortunately, the interstitial-substitutional model does not explain why 
redistribution of any 'resident' dopant already occupying the indium 
sublattice always occurs during tail formation, or why tail formation is 
suppressed in InP which contains dopant atoms (for example, sulphur) on 
the phosphorous sublattice [5.681.
An alternative view of the relationship between Ac and Ai was first 
proposed by Gosele and Morehead for the case of zinc diffusion in GaAs
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[5.77] and it has recently been extended to InP C5.68]. In this 'kick-out' 
model, acceptor incorporation is thought to occur by the process
Ai + Inm ^ ^ A s + Ini + 2h* , .... (5. 3)
in which Inin represents an indium atom on the indium sublattice. This 
suggests that if too many Ini are generated, an excess of A,-+ will again 
be present and may give rise to a deep diffusion tail. More 
significantly, however, the indium sublattice is now involved directly in 
the expression. Thus if, instead of Imn we have Xm, (where X is some 
foreign atom such as iron or zinc 'resident' on the indium sublattice) 
then we have a situation where we can conceive of replacing this atom 
with our new substitutional acceptor species, giving
A+i + Xm ^  A"s + Xi + 2h+ .  (5.4)
This equation suggests that when the 'kick out' mechanism is operating, 
incorporation of a 'new' acceptor onto the indium sublattice will involve 
displacement of any pre-existing 'resident' species. This is exactly what 
has been observed experimentally during tail formation. Two questions 
now arise;
i) what is the driving force for this mechanism?
ii) can we explain the rapid diffusion rate?
Several workers [5.68, 5,74, 5.78] have suggested that in InP, a
substantial proportion of the zinc acceptor may exist in the form of an 
electrically inactive divacancy complex, Vp-Znm-Vp. Such a complex has 
recently been observed in zinc doped InP by positron lifetime 
measurements [5.793 and it is said to form when new acceptor species are 
implanted because it is more stable than any other substitutional atom on 
the indium sublattice [5.683. This type of complex has also been 
proposed for silver in InP (Vp-Agm~Vp) [5.803. It has been suggested 
[5.783 that zinc in this complex form can move extremely rapidly by 
simply exchanging zinc in the complex with the indium at a neighbouring 
indium site as shown in figure 5.4.
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FIGURE 5.4 : How rapid diffusion of the Vp~Ziu-Vr complex may occur
via exchange of the zinc atom in the complex with a 
neighbouring indium atom. (After ref. 5. 78)
A simple picture of the processes involved in the incorporation of
implanted acceptor species into InP is therefore as follows: Suppose
that an acceptor implant is performed into Fe doped InP. This leaves the 
new species for the most part occupying interstitial lattice sites 
(assuming an amorphous layer was not formed). Upon annealing, a 
proportion of . the acceptor atoms have sufficient thermal energy to 
encounter indium vacancies (Vin) and become substitutional via the 
familiar Frank - Turnbull mechanism. These substitutional acceptor atoms 
will subsequently exhibit diffusion which depends upon the continued 
supply of Vir,, and become electrically active. This accounts for the 
near-surface region of the acceptor profiles. Other acceptor atoms in 
the vicinity of a 'resident1 iron atom form the stable dlvacancy complex 
by interacting with two phosphorous vacancies and displacing the 
'resident* atom from the indium sub lattice. Once formed, the divacancy
complex diffuses rapidly, forming the observed deep tail.
This theory would explain all the reported experimental observations, 
since the divacancy complex form of the acceptor would be electrically
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inactive, it would diffuse rapidly, its formation would involve the 
redistribution of the 'resident' dopant species and any process which 
blocked the migration of phosphorous vacancies (such as occupancy of the 
phosphorous sublattice by sulphur atoms) would inhibit tail formation. 
The observed 'incubation period* of about 60 seconds at 700 °C seen in the 
present work and by other workers C5.4, 5.33, 5.69] is presumably due to 
the time required for phosphorous vacancies to migrate to the sites where 
the fast-diffusing complexes are formed.
In the present acceptor implant study, which was exclusively into iron 
doped InP, it might therefore be expected that deep dopant tails would 
form given sufficient time at a suitable annealing temperature. The 
beginnings of such a tail are visible in the SIMS profile for a 50 keV 
magnesium implant annealed at 750 °C for 60 seconds following SIsNa 
encapsulation (Fig, 3.42). Similar zinc implants show the deep tails even 
after encapsulation alone (Fig. 3.43) and the extra thermal cycle required 
to deposit the SIsNa encapsulant clearly enhances this indlffusion process 
(Fig. 3.45). The implication is that the use of rapid thermal annealing 
will only avoid such undesirable dopant indiffusion if much higher 
temperatures and very short annealing times are used, In view of the 
problems of surface decomposition, this may not be a viable processing 
route, Alternatively, one could use 'undoped' InP, which does not contain 
pre-existing 'resident' atoms on the indium sublattice and thereby avoid 
formation of the divacancy complex altogether.
5.5.2 Influence pf jl roplanjatioR-defsets jupon ..dopant redistribution
In addition to the redistribution effects just discussed, the presence of 
a highly damaged layer of material can also affect the diffusion of a 
dopant. The presence of residual implantation damage has been reported
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both to accelerate impurity diffusion [5.81-5.83], and to inhibit it 
[5.843.
In the present work, RBS studies showed that high dose implants of 
magnesium into InP at 50 keV formed an amorphous layer approximately 
HOnm thick. SIMS profiles for this implant condition after Si3N4
encapsulation alone (Fig. 3.42) indicate that some outdiffusion of the
dopant has occurred but that this appears to have been slowed down at a 
depth of about 130-140 nm, which is therefore just below the original 
amorphous-crystalline interface. Subsequent rapid thermal annealing at 
750 X  for thirty seconds appears to remove the defects responsible for 
inhibiting magnesium motion and allows further indiffusion and surface 
accumulation of the dopant to occur. Other workers [5.653 have also
observed such depletion of magnesium from the amorphous region and 
accumulation of the dopant at a depth just below the amorphous- 
crystalline interface in similarly implanted InP subjected to furnace 
annealing at 550-650X.
RBS also showed that implants of 300 keV zinc gave an amorphous layer 
about 280nm thick and SIMS studies showed a clear dopant peak at a depth 
of about 330nm (Fig. 3.45) following rapid thermal annealing of material 
protected by the 'dual' encapsulant at 750X. Such SIMS profiles have 
also been reported by Roquais for similar zinc implants in InP following 
furnace annealing under an Si3N<t encapsulant [5.323.
Similar comparison of the RBS and SIMS data for the room temperature
magnesium implants into GalnAs show that the amorphous layer formed was
about 280nm thick and that a small peak again lies below the original 
amorphous-crystalline interface for rapid thermal annealing temperatures 
of 600 and 700X  (Figs. 4.8, 4.14 and 4.15). The larger dopant peak,
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observed at a depth of about 200nm is not associated with the original 
deep amorphous-crystalline interface, but is thought to arise as a 
consequence of the manner in which the amorphous layer regrows during 
the annealing process.
Studies of the redistribution of iron during annealing of amorphous 
layers formed by implantation in iron doped 'semi-insulating' InP show 
that in addition to the above gettering of acceptor dopants to below the 
amorphous-crystalline interface, iron is similarly depleted from the 
region that was originally amorphous and accumulates in the same region 
as the acceptor dopant [5.65, 5.853.
In addition to this reported work an InP, similar peaks in the 
concentration of implanted dopants have been observed by several workers 
below amorphous-crystalline interfaces in implanted silicon [5,863 , GaAs 
[5.86-5.893 and GalnAs [5.293.
In the light of these results and the previous description of amorphous 
layer regrowth (section 5.4), it is clear that dopant accumulation occurs 
in the highly damaged 'transition region' between the amorphous layer and 
crystalline material. This has been clearly shown to be the case by 
Roquais [5.323, who used a 700 keV zinc implant to create a buried 
amorphous layer. Following annealing, he observed dopant accumulation in 
the two transition regions, one near the surface of the material and one 
between the amorphous layer and the bulk, A high resolution TEM study of 
the nature of this interface has been made for the case of GaAs [5.323 
and it has been shown to consist of an intimate mixture of small (5-10nm 
diameter) amorphous and crystalline packets. During the initial stage of 
amorphous layer regrowth, the amorphous pockets regrow from all 
directions, eventually forming the non-planar growth front from which
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subsequent SPE of the amorphous layer initiates. This growth front 
apparently contains facets on {111) planes which are said to act as 
favourable sites for dopant concentrations above the solid solubility 
limit and as the nucleation sites for the stacking fault bundles which 
form the regrowth fronts for SPE of the amorphous layer. This region 
therefore contains a large number of extended defects, Roquais [5.253 
suggests that these interact strongly with the dopant, forming either 
complexes or precipitates of a compound (such as Zn3P2, for example). 
These structures 'pin* the dopant atoms involved until the annealing 
temperature is sufficiently high enough to dissociate them and allow the
trapped dopant to diffuse freely through the crystal.
5.5.3 Influence of surface protection technique
Another feature observed in many of the dopant depth profiles obtained 
during this work is accumulation or depletion of the dopant in the near­
surface region of the semiconductor. This is frequently seen by other 
workers for a variety of materials [see 5,32, 5.35, 5.40, 5.65, 5.66, 5.69, 
5.70, for example] and has already been mentioned where appropriate 
during discussion of the several surface protection techniques
investigated in the present study. From these studies and the present 
results it can be seen that the behaviour of the implanted dopant in the 
near-surface region frequently depends upon the surface protection 
technique employed during annealing: Proximity anneals often retain most
of the implanted dopant and give rise to substantial surface accumulation 
peaks; the use of gas overpressures can apparently lead either to
substantial dopant loss or profiles close to the 'as implanted' ideal; and 
encapsulants vary widely in the dopant diffusion behaviour they induce, 
sometimes enhancing outdiffusion or surface accumulation and sometimes 
yielding 'well behaved' atomic profiles.
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In view of the model of amorphous layer regrowth discussed above 
(section 5.4.3), it is likely that when an amorphous layer is present 
within the material, substantial quantities of the implanted dopant are 
rejected into the remaining amorphous material as regrowth occurs. If 
regrowth is in one direction (from the bulk to the surface) then this 
could result in the implanted species being swept to the surface of the 
material, giving very high near-surface concentrations of the dopant, 
(Such effects are in addition to those occurring as a result of the 
diffusion mechanisms also discussed previously.) For material which is 
protected by a gas overpressure or by proximity means, the amount of 
dopant which is then removed from the surface by evaporation will depend 
upon the conditions prevailing in the annealing system, If an 
encapsulant is present, substantial quantities of the dopant may cross 
the encapsulant-semiconductor interface, leaving the implanted substrate 
altogether. The ease with which this will occur depends largely upon the 
efficiency of the encapsulant as a diffusion barrier for the dopant 
species concerned, which in turn may depend upon factors such as the 
stress at the encapsulant-substrate interface, the vacancy distribution in 
the near-surface region and the diffusion constant of the dopant in the 
encapsulant material concerned,
5,6 Review of chapter 5
In summary, both the ‘dual* encapsulant and a suitable phosphine 
overpressure are suitable means of protecting the surface of InP during 
ETA. The former method may result in silicon contamination of implanted 
layers, and the latter in substantial dopant loss. These effects are 
enhanced if an amorphous layer is formed during implantation. GalnAs
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may be adequately protected from thermal degradation by use of a GaAs or 
GaAsP 'proximity* cap.
The regrowth of amorphous implanted layers in both GalnAs and InP 
appears to occur in a similar manner to other III-V compounds. RTA leads 
to the same maximium amorphous layer thickness (200 nm at 750 *C) of InP 
which may be successfully regrown by SPE as previously seen for furnace 
annealing.
The shape of dopant profiles in InP and GalnAs after RTA is seen to be 
determined by the regrowth of any amorphous layers present and the type 
of surface protection employed. Deep tail formation is suggested to be 
due to the presence of zinc-phosphorous divacancy complexes, which form 
by replacing iron on the indium sublattice with the complexed zinc atom.
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CHAPTER 6
CQiaSmQSS_jmLLBRTHERJmKK
6.1 AGcaptgi:_lmplantatign in InE
Ion implanted InP is found to develop small thermal etch pits at an 
annealing temperature of about 600 °C when subjected to rapid thermal 
annealing (RTA) for 60 seconds with no surface protection. The use of an 
indium-tin-pseudobinary (ITP) to enhance the phosphorous partial pressure 
within the annealing system allows annealing cycles of 700 °C for 90 
seconds to be used without apparent surface damage, but leads to the 
incorporation of tin and formation of very thin n-type surface layers at 
higher annealing temperatures. Annealing of implanted layers protected 
by phosphosilicate glass, Si02, Si3U4 or a novel Si3N4/AlN encapsulant may 
give p-type, semi-insulating or n-type behaviour depending upon the given 
combination of implant conditions and encapsulant. These varied 
electrical results are due to indiffusion of silicon from the encapsulant 
Into the near-surface region of the material; this indiffusion is enhanced 
by the presence of implantation damage. Despite this problem, p-type 
layers may be obtained by annealing acceptor implants under the 'dual1 
encapsulant, which allows annealing temperatures of up to 900°C to be 
used without significant surface damage. The use of a controlled 
phosphine overpressure gives the most reproducible surface protection, 
with featureless surfaces routinely obtainable at annealing temperatures
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of up to 550 X, The major disadvantage of this technique is substantial 
outdiffusion and loss of the implanted dopant.
6.1.2 Amorphous,.layer foxmation and dopant redistribution
In contrast to elemental silicon, the presence of an amorphous layer in 
InP is found to be detrimental to the annealing behaviour of the material. 
In particular, it is seen that there is a maximum amorphous layer 
thickness which can be regrown by solid phase epitaxy at any given 
annealing temperature. This 'critical' thickness is about 200 nm at 
750°C. This result is identical to those reported in previous studies 
which used substantially longer annealing times and shows that solid 
phase epitaxy (SPE) occurs within the first 2-3 minutes of annealing. 
Complete SPE does not occur for thicker amorphous layers because of local 
nucleation of microcrystallites within the amorphous material.
The presence of an amorphous layer also substantially enhances the 
redistribution of mercury implants; RTA of room temperature mercury 
implants at 700 X  leads to no mercury signal being detected by RBS 
whereas similar implants made at 200°C retain levels of mercury which 
are easily visible by RBS even after annealing at 800X. It is most 
likely that during SPE, excess mercury dopant is rejected into the 
remaining amorphous region in advance of the moving regrowth front and 
is thereby swept out to the InP surface. The redistribution of magnesium 
and zinc implants appears to be similarly affected by the regrowth of an 
amorphous layer.
In addition to these effects, implants of magnesium and zinc are seen to 
exhibit both indiffusion and outdiffusion during RTA. In particular, zinc 
implants form deep 'indiffusion tails' after an 'incubation period' of 
about 60 seconds at 700 X. It is suggested that there are two diffusion
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mechanisms operating in InP doped with elements (such as iron, chromium 
or manganese) that are 'resident' upon the indium sublattice prior to any 
implantation:
i) the Frank - Turnbull interstitial-substitutional mechanism;
ii) a modified form of the 'kick out' mechanism in which a 'resident* 
atom is displaced from an indium lattice site by an implanted 
dopant atom which also interacts with two phosphorous vacancies to 
form a rapidly diffusing, electrically neutral divacancy complex.
6.1.3 Summary of the p-type electrical data
Electrically active p-type layers were measured following implantation of 
zinc and mercury. In the case of 50 keV, 5xl014 cm"2 zinc implants, the 
best results were obtained following RTA at 750 X  for 60 seconds under 
the 'dual encapsulant'. These results were ps = 3300 Q/0, = 98 craz/V.s
and 50% electrical activity. Implants of 300 keV, 2x10'4 zinc ions.cm-2 
yielded ps = 8000 0/Q , = 44 cm2/V.s and 30% electrical activity
following RTA in a phosphine ambient. Identical samples annealed under 
the 'dual' encapsulant were semi-insulating. Implants of 100 keV, 10'4 
mercury ions.cm-2 made at 200*C and annealed under the 'dual' encapsulant 
gave p-type activity which ranged from 10-28% of the implant dose, 
showing mobilities between 100-150 cm2/V.s and sheet resistivities 
between 2000 and 12000 0/Q as the annealing temperature was raised from 
750° to 850 X  at a constant time of 60 seconds. Typical hole 
concentrations were about 8x10'7 cm-3.
6.2 Acceptor implanlation _in GalnAs
6.2.1 Surface protection during RTA
Thermal degradation of implanted GalnAs is much less severe than that of 
InP at comparable annealing temperatures, 'Proximity' annealing using a 
GaAsP or GaAs cover piece gives reproducible surfaces at temperatures up
- 187 -
to 800 °C. This type of RTA also prevents the outdiffusion of implanted 
beryllium and magnesium from the implanted layer, although substantial 
surface accumulation occurs for magnesium. In contrast to this, zinc 
implants show severe outdiffusion and dopant loss when this method of 
surface protection is employed. The best surface protection is afforded 
by the use of Si3IU or the SIsNa/AIN encapsulants; these films are 
diffusion barriers for beryllium, but allow substantial outdiffusion of 
implanted magnesium. As much as 96% of the implanted magnesium can be 
lost following RTA at 800 °C for 30 seconds under a SisIL encapsulating 
layer, whereas the 'proximity' technique retains all the implanted dopant.
6.2.2 Amoi:phQ»g._layei:-Tormation.._and.jdfQpa]Pit...xe8J.stributign 
The amorphous layer formed by implants of 100 keV, 10,s magnesium 
ions.cm-2 at room temperature is shown to be partially regrown following 
RTA at 600 °C for 30 seconds. Substantial dopant 'pinning' is seen in 
samples annealed at 600° and 700°C, suggesting that regrowth occurs both 
from the near-surface region and the deep amorphous-crystalline 
interface. It is thought that where these growth fronts meet, substantial 
extended defects are formed which 'pin1 the implanted dopant and require 
high annealing temperatures to be removed. As for InP, mercury implants 
made at roam temperature show much greater redistribution during RTA 
than those which are implanted at 200°C. It appears from the results of 
this work that the regrowth of amorphous layers in GalnAs occurs 
similarly to that in InP and other related III-V compounds and that the 
presence of such layers must be avoided if useful dopant profiles are to 
be obtained.
Beryllium implants are found to redistribute only slightly during RTA 
under either a 'proximity' encapsulant or SisIL. Implants of magnesium 
show substantial redistribution following anneals at temperatures as low
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as 500 X; the shape of the resulting profile depends upon whether or not 
the sample was amorphous and upon the method of surface protection 
employed. Zinc implants also show substantial redistribution when held 
at 780°C for less than 20 seconds.
6.2.3 Summary of the p-type electrical^iata
Although effects due to the quality of the supplied GalnAs dominated the 
results obtained in the present work, p-type layers were successfully 
formed in GalnAs using magnesium implantation and RTA, The best result 
was obtained for an implant of 500 keV, 1014 magnesium ions.cm-2 made at 
room temperature and annealed at 700X  for 30 seconds. This gave ps = 
614 ft/[U, = 134 cm2/V.s and 70% electrical activity.
6.3 Further Work
6.3.1 Surface protection
From the results of this work it is evident that the thermal degradation 
of InP can be prevented by using silicon-based encapsulating layers, but 
that the usefulness of this technique is limited by the indiffusion of 
silicon into the implanted layer. It is not yet clear how this 
indiffusion is enhanced by the presence of implantation damage or how it 
would be affected by variations in the encapsulant parameters. Further 
study is therefore required, perhaps using an encapsulant such as oxygen- 
free Si3N4 which is deposited at 200-300°C by plasma-enhanced chemical 
vapour deposition (PECVD). Parameters such as the encapsulant thickness 
and implantation energy could be systematically varied and changes in the 
silicon depth profile observed in order to establish whether the silicon 
indiffusion seen in the present work occurs for other similar 
encapsulants, and ascertain how it is controlled. Annealing of InP in
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phosphine is also worthy of further study; the problem here is to reduce 
outdiffusion of the implanted species during RTA. In order to solve this 
problem it may be necessary to study the surface chemistry of Implanted 
InP in some detail, in order to understand the relationships between 
phosphorous partial pressure, thermal degradation and dopant evaporation 
rate. It also appears from the present data that the use of SiaRa-based 
encapsulants greatly enhances the outdiffusion of magnesium from GalnAs 
whereas an AIR encapsulant or the 'proximity' technique apparently retain 
all the implanted dopant. It would be useful to explain how this 
outdiffusion is related to the vacancy distribution in the near-surface 
region, the interfacial stress and the diffusion constant of the dopant in 
the encapsulant. This could perhaps also explain why SiaR-t was a good 
diffusion barrier for beryllium and why the 'proximity' technique did not 
prevent the loss of zinc.
6.3.2 Amorphous layer regrowth in III-V compounds
Although the presence of amorphous layers has been shown to be 
detrimental, the regrowth process in InP and GalnAs needs to be studied 
further in order to confirm that regrowth in these materials does indeed 
occur in the same way as that in GaAs. The best way to do this would be 
to correlate high resolution cross-sectional TEM data with RBS and 
electrical measurements. Studies could be made of a range of 
implant/annealing parameters and the present III-V compound regrowth 
model thereby confirmed or modified.
6.3.3
As discussed above, this remains a problem even when very short thermal 
annealing cycles are used. It may be that co-implants of elements such 
as phosphorous into InP, or arsenic into GalnAs would promote the 
concentration of Vin or Vea.in respectively. If such implants were made
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deeper in the material than the range of the acceptor implant, they might 
well inhibit gross indiffusion of the dopant and permit p-type surface
layers to be formed more readily.
In InP, the best route for device fabrication is probably to implant a 
non-amorphising dose (300-500 keV, 10'4 ions.cm-2) of beryllium or 
magnesium and anneal it at 900°C for less than 30 seconds. A suitable 
encapsulant might be PECVD Si3IU, thick enough to prevent dopant loss but 
thin enough to minimise interfacial stress and silicon indiffusion. If 
necesssary, co-implants of phosphorous might reduce indiffusion of the
dopant to acceptable levels. Provided dopant outdiffusion can be 
minimised, a similar anneal might be performed in a phosphine ambient, 
avoiding the problems of encapsulation altogether. 200°C implants of 
mercury should also give very shallow p-type layers if similarly 
annealed.
Similar processing of GalnAs would probably give useful p-type device
layers at lower annealing temperatures (700 °-800 °C), allowing the use of 
the 'proximity' encapsulation technique. In view of the rapid 
redistribution of magnesium and zinc observed in the present study, the 
ions beryllium and mercury appear to be the most promising candidates 
for p-type implantation in this material.
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